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Abstract—The conversion of tropical rain forests to agricultural systems is a major threat to tropical 
biodiversity. In West Africa, studies investigating the effects of this habitat conversion on biodiversity are 
scarce. In this study, we investigated which forest amphibians survive in the agroforestry systems surrounding 
West Africa’s largest area of protected rainforest, the Tai National Park (TNP) in south-western Cote d’lvoire. 
Species richness was assessed in different habitats types, i.e., a mosaic of coffee and cocoa plantations, 
rubber plantations, and rice fields, and compared to data from primary and degraded forests in TNP. The 
anuran assemblage composition differed considerably between forest and agroforestry systems, with the 
latter comprising only a small subset of generalist forest species and species which usually occur in highly 
degraded forest habitats or even savanna. Thus, the agroforestry systems in western Cote d’lvoire seem to be 


unsuitable for the maintenance of the rich local and regional diversity of forest amphibians. 
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Introduction 


While tropical rainforests may comprise about half of the 
world’s biodiversity, they are shrinking at a very high rate. 
A comprehensive investigation on the African continent 
revealed that between 1990 and 2000, over 50 million ha 
of forest disappeared (FAO 2001, 2006). In West Africa, 
the situation is especially alarming as only 20% of the 
1.5 million km? of forest present at the beginning of the 
20" century persists to date (FAO 2006). The main driver 
of forest loss is logging and conversion into plantations 
(mainly oil palm, cocoa, coffee, and rubber), and other 
forms of agricultural land use. 

Cote d’ Ivoire is no exception to this trend of increasing 
forest loss. For example, Chatelain et al. (1996) 
revealed that in the most forested part of the country, 
the far south-west, 79% of forest had been lost in only 
20 years. However, one large area of rainforest in that 
region prevailed: the Tai National Park (TNP). At about 
536,000 ha, TNP represents more than 50% of the total 
area of protected West African rainforest (OIPR 2014), 
thus constituting the most important area of protected 
rainforest in the entirety of West Africa. However, the 
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forests previously surrounding TNP, 1.e., various forest 
fragments (Hillers et al. 2008) and classified forests 
(Alonso et al. 2005), are now almost completely logged or 
converted to small scale agricultural areas and industrial 
sized plantations (Rédel et al. 2021; all authors, pers. 
obs. ). 

The amphibian fauna of TNP and the surrounding 
classified and fragmented forests have been the focus of 
numerous taxonomic and ecological studies (Perret 1988; 
Rodel 1998; Rédel and Ernst 2000, 2001a,b, 2002a,b, 
2004; Rodel et al. 2001, 2002a,b, 2003, 2004; Rodel 
and Branch 2002; Veith et al. 2004; Rudolf and Rodel 
2005, 2007; Sandberger et al. 2010; Kpan et al. 2019, 
2021). These studies have revealed that the amphibian 
communities show considerable differences between old 
growth and previously selectively logged forests (Ernst 
and Rodel 2005, 2006). Hillers et al. (2008) showed 
that these differences were more strongly associated 
with forest degradation rather than fragmentation. Ernst 
et al. (2006) and Ernst and Rodel (2008) observed that 
different frog groups react differently to logging, and 
emphasized that although species richness may remain 
similar between logged and pristine sites, functional 
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diversity dramatically declines in altered West African 
rainforests. A recent study revealed that the recovery of 
amphibian assemblages in previously logged parts of 
TNP does occur, but it is very slow (Kpan et al. 2021). 
All these studies collectively highlight the sensitivity of 
forest amphibians to forest degradation, an observation 
that was also made in other West African forests (Ofori- 
Boateng et al. 2012; Adum et al. 2013). 

However, we do not yet know to what extent West 
African forest amphibians might be able to persist in 
agroforestry systems. These artificial habitats now make 
up almost all the areas surrounding TNP, providing 
resources to local communities such as income, energy, 
Shelter, and food (PNUE 2012). Studies from Asia 
have shown that agricultural areas, which comprise 
highly disturbed forests, may provide habitat for some 
amphibian species and thus could be a component for the 
maintenance of at least some part of the local biodiversity 
(Wanger et al. 2009; Faruk et al. 2013; Konopik et al. 
2015). However, respective studies from West Africa are 
lacking so far. 

This study aimed to determine the resistance of West 
African forest amphibians to the conversions of their 
original habitats to agricultural habitats. We examined 
anuran species richness and species turnover in three 
different habitats types, 1.e., mosaic coffee and cocoa 
plantations, rubber plantations, and rice fields, and 
compared them to the primary and degraded forest in 
the TNP. We hypothesized that (a) species richness 
decreases, and (b) species turnover increases, with 
increasing disturbance between the habitat types. 


Materials and Methods 


Study area and study sites. Tai National Park is located 
in south-western Cote d’Ivoire, between the Cavally and 
Sassandra rivers, and the towns of Guiglo, Buyo, San 
Pedro, and Tabou. It extends from 05°08’N to 06°24’N 
latitude, and from 06°47’°W to 07°25’W longitude 
(OIPR 2015). The climate of TNP is sub-equatorial with 
four seasons: a long rainy season from mid-March to 
July, a short dry season in August, a short rainy season 
from September to October, and a long dry season 
from November to mid-March. However, this regular 
seasonality has changed to some extent in recent years. 
The average annual rainfall is 1,800 mm, and ranges 
from 1,700 mm in the north to 2,200 mm in the south 
of the park (Chatelain et al. 2001). The average monthly 
temperature varies from 24-28 °C (Koné 2004). The 
relative air humidity is always high, ranging from 85% 
to 90% under the forest cover, and usually reaches 100% 
during the night (Bousquet 1978). The West African dry 
season wind, called Harmattan, is irregular and has little 
impact on the area, usually only extending over one to 
two weeks in December or January (Adou et al. 2005). 
Tai National Park is the largest prevailing rainforest 
area in the Upper Guinea biodiversity hotspot (Myers et 
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al. 2000; Bakarr et al. 2001). Botanically, TNP is part 
of the large Guinean-Congolese floristic region (Dupuy 
et al. 1999), and the flora of TNP comprises more than 
1,350 species, of which 80 are endemic (Chatelain and 
Kadjo 2000). The Park includes approximately 145 
mammal species, corresponding to 93% of the mammal 
fauna of the western Guinean forest zone (Riezebos et al. 
1992), as well as 234 bird species (OIPR 2014), 60 fish 
species (Grell et al. 2013), 43 snake species (Rodel and 
Mahsberg 2000; Ernst and Rodel 2002), four turtles, two 
crocodiles, and 11 lizard species (MOR, unpub. data). 
So far 56 amphibian species have been recorded from 
TNP (Rodel and Ernst 2004; Ernst et al. 2006), two of 
which seem endemic; namely Phrynobatrachus taiensis 
(Phrynobatrachidae; Perret 1988), and HAyperolius 
nienokouensis (Hyperoliidae; Rodel 1998). 

We surveyed the amphibians in different habitat types 
in five sectors of TNP: ADK/V6, Soubré, Tai, Djapadj1, 
and Dyjouroutou (Fig. 1). These habitat types were either 
located inside TNP, along the park’s periphery, or in 
agricultural systems surrounding TNP. The habitats 
inside TNP consisted of two types: (1) primary forests 
characterized by dense forests with a high, closed canopy, 
and (relatively) open undergrowth, and (ii) degraded 
forests with large canopy gaps and denser understory. 
The degraded forests were mainly encountered at the 
edge of the TNP, often in direct proximity to crops. All 
agricultural sites where in the periphery of the TNP, and 
consisted of a mosaic of coffee and cocoa plantations, 
rubber plantations, and rice fields, often in close 
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Fig. 1. Locations of the 32 study plots in the Tai National Park 
and surrounding agroforestry systems (see Appendix | for the 
plot list and habitat descriptions). Inset figure: position of Tai 
National Park in Céte d’ Ivoire. 
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Fig. 2. The different habitats in and around Tai National Park which were surveyed for amphibians. (A) and (B) near primary forest; 
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(C) cocoa plantation; (D) rubber plantation; (E) heavily degraded forest edge; (F) rice field. 


proximity to villages (Fig. 2). Rice fields usually have no 
canopy and thus are not regarded as agroforestry habitats. 
However, in the West African forest zone (and elsewhere, 
compare Ndriantsoa et al. 2017), swamp forests are often 
cleared in order to establish rice fields (R6del and Glos 
2019). Therefore, we included rice fields here as well. 
The geographic positions of all study sites were recorded 
with a hand-held Garmin 60 CSx. A list of all sites, 
including a brief description of the habitats, is included 
in Appendix 1. 
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Sampling methods. The fieldwork was conducted from 
May to October 2018, thus covering the long and short 
rainy seasons, as well as the short period of reduced 
precipitation in August. A total of 32 plots of 100 x 
50 m were established, 20 within the park and 12 in 
the agroforestry systems (Figs. 1-2). The sites in TNP 
comprised 14 plots in primary forest, and six in degraded 
forest. In the TNP periphery, three plots were established 
in coffee/cocoa plantations, two in rubber plantations, 
and seven in rice fields. Each plot was visited twice (total 
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Fig. 3. Species accumulation curve (triangles) and estimated amphibian species richness (Chao 2, squares; and Jack-knife 1, circles) 
of the Tai National Park and surrounding agroforestry system. The mean values of 500 random runs of the daily species lists are 
given. A daily species list comprised the presence/absence records collected during seven hours of sampling (four hours during 
daylight, and three hours during night) on one plot by two people for a total of 14 person-hours. 


64 days) with a consistent sampling intensity of 7 h/visit 
(four hours during daylight at 0700-1100 h, and three 
hours during night at 2000-2100 h GMT). Plots were 
always investigated by two people (for 14 person-hours 
per plot day), so the search effort represents a total of 896 
person-hours of sampling. The average time between the 
two visits to a plot was three months (see Appendix 1). 

Amphibians were located through visual and acoustical 
searches in all the different habitats of a plot (Heyer et al. 
1994; Rodel and Ernst 2004). Individuals encountered were 
identified to the species level following the nomenclature 
of Frost (2020). It should be noted that Arthroleptis cf. 
poecilonotus (Fig. 4D) comprises a complex of species, 
which currently cannot be assigned with certainty to 
a valid name (compare Roédel and Bangoura 2004; 
Blackburn 2010; Blackburn et al. 2010; Channing and 
Rodel 2019). In TNP, two species occur in syntopy, and 
they are indistinguishable based on morphology and 
habitat preferences but discernible by their calls (Ernst 
and Rodel 2005). In this study, we treated them as a single 
taxon. Representatives of each species were collected, 
anesthetized in a chlorobutanol solution, and thereafter 
preserved in 70% ethanol. These voucher specimens were 
deposited in the collection of the Hydrobiology Unit of 
the Laboratory of Biology and Tropical Ecology at Jean 
Lorougnon Guédé University, Cote dIvoire. 


Data analysis. As species detection probability seemed 
to differ among the species, and numbers of calling 
males could not be reliably counted on the plots, we used 
qualitative data for the assessments but not quantitative 
data. The estimated species richness, and thus the 
sampling efficiency, were calculated with the Jack- 
knife 1 and Chao 2 estimators using EstimateS software 
(Version 9.1.0; Colwell 2013). These two estimators 
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are incidence based. The presence/absence data of the 
daily species lists (64 days of survey work) were used 
for all 41 species recorded in the entire study area, as 
well as for the different habitat types (see Table 1). To 
avoid order effects, 500 random runs of the daily species 
lists were conducted. In order to test for similarities or 
differences in amphibian species compositions in the 
investigated habitat types, the Jaccard’s Similarity Index 
was calculated using the software PAST (Version 2.17c; 
Hammer et al. 2001). 

In order to determine whether a particular species 
disappeared after habitat degradation, survived in the 
agroforestry systems, or even invaded such habitats, we 
classified each species in the following three categories 
(bearing in mind that the total numbers may deviate from 
the total number of recorded species as not all categories 
were known for all species, compare Table 1): 


I. Habitat: F = species only occurring in closed forest: 
D = species occurring in degraded forest (may occur in 
closed forest, absent in open areas); O = species living in 
open areas (may occasionally be encountered in degraded 
forest); if a species could be observed in more than one 
category, it was assigned to the ‘most open’ habitat. 

II. Micro-habitat of adults: f = fossorial; a = aquatic; | 
= leaf litter; t = arboreal. 

III: Micro-habitat of tadpoles: d = direct developers 
and non-feeding non-hatching tadpoles, developing 
in leaf litter or in the soil; s = stagnant waters (ponds, 
puddles, tree holes); f = flowing water. 


Results 


Species richness and community composition. Overall, 
the surveys revealed 41 anuran species from 12 families 
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Table 1. Amphibian species recorded in the Tai National Park and surrounding agricultural areas, along with recorded and estimated 
Species numbers per habitat type and general habitat preferences of adults and tadpoles (see Materials and Methods). Abbreviations: 
PF: primary forest; DF: degraded forest; CP: mosaic of coffee and cocoa plantations; RP: rubber plantation; RF: rice field; 1: leaf 
litter; t: arboreal; a: aquatic; f: fossorial; F: closed forest; D: degraded forest; O: open habitat; ? : unclear as species identification 
was not possible; d: direct development and non-hatching/non-feeding tadpoles; s: tadpoles in stagnant water (ponds, puddles, tree 
holes); f: tadpoles in flowing water; *: comprises a species complex (see text); **: the two ‘sub-species’ occur in sympatry in TNP 
and may actually represent two valid species; ***: an undescribed species compare Jongsma et al. (2018). 


TNP habitat Agricultural areas 

PF DF CP RP RF 
Sample units (days) 28 12 6 4 14 
Search effort (person-h) 392 168 84 56 196 
Estimated species richness (Chao 2) 2.02 2 23: 3354, TSC 6 79413 100201 
Estimated species richness (Jack-knife 1) 31.64£1.7 263425 16.7418 90+10 10.9409 
Number of species recorded 27 23 14 7 10 

Habitat Habitat 

Family and species PF DF cP RP RE (adult) (tadpole) 
Arthroleptidae 
Arthroleptis cf. poecilonotus* x x x x Ov d 
Astylosternus occidentalis xX Fl f 
Cardioglossa occidentalis xX FAL f 
Leptopelis occidentalis xX Ft S 
Leptopelis spiritusnoctis x xX D,t S 
Leptopelis viridis x O,t S 
Bufonidae 
Sclerophrys maculata be x x x Q,1 S 
Sclerophrys regularis x x xX O,1 S 
Sclerophrys togoensis x Fl f 
Dicroglossidae 
Hoplobatrachus occipitalis x x O,a S 
Hemisotidae 
Hemisus marmoratus* x x Of S 
Hyperoliidae 
Afrixalus dorsalis x x x. O,t S 
Afrixalus nigeriensis % Et S 
Hyperolius concolor x x x O,t S 
Hyperolius f. fusciventris** x D,t S 
Hyperolius f. lamtoensis** x Det S 
Hyperolius guttulatus x xX O,t S 
Hyperolius picturatus* x x B5 D,t S 
Hyperolius sylvaticus x Et S 
Kassina sp. x x et s? 
Conrauidae 
Conraua alleni x Fa ii 
Pipidae 
Xenopus tropicalis x D,a S 
Phrynobatrachidae 
Phrynobatrachus alleni ps x xX Foi S 
Phrynobatrachus annulatus xX Fl ve 
Phrynobatrachus calcaratus* x x O, | 
Phrynobatrachus fraterculus xX xX D, 1 ? 
Phrynobatrachus gutturosus* x Be O,1 S 
Phrynobatrachus latifrons x x xX O, I/a S 
Phrynobatrachus liberiensis xX x Fl f 
Phrynobatrachus phyllophilus x Fj S 
Phrynobatrachus plicatus x x FI S 
Phrynobatrachus tokba xX O, | d 
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Table 1 (continued). Amphibian species recorded in the Tai National Park and surrounding agricultural areas, along with recorded 
and estimated species numbers per habitat type and general habitat preferences of adults and tadpoles (see Materials and Methods). 
Abbreviations: PF: primary forest; DF: degraded forest; CP: mosaic of coffee and cocoa plantations; RP: rubber plantation; RF: 
rice field; |: leaf litter; t: arboreal; a: aquatic; f: fossorial; F: closed forest; D: degraded forest; O: open habitat; ? : unclear as species 
identification was not possible; d: direct development and non-hatching/non-feeding tadpoles; s: tadpoles in stagnant water (ponds, 
puddles, tree holes); f: tadpoles in flowing water; *: comprises a species complex (see text); **: the two ‘sub-species’ occur in 
sympatry in TNP and may actually represent two valid species; ***: an undescribed species compare Jongsma et al. (2018). 


Family and species PF DF 


Ptychadenidae 

Ptychadena cf. aequiplicata* 

Ptychadena bibroni 

Ptychadena longirostris 

Ptychadena mascareniensis* 

Ptychadena pumilio 

Pyxicephalidae 

Aubria subsigillata x 
Rhacophoridae 

Chiromantis rufescens x 
Ranidae 

Amnirana aff. albolabris*** b4 


Amnirana galamensis* x 


and 17 genera (Table 1). Forests comprised more species 
(27 in primary, 23 in degraded forest) than agroforestry 
systems. Whereas 14 species were found in mixed 
coffee/cocoa plantations and 10 species in rice fields, 
only seven species were recorded in rubber plantations 
(Table 1). One-third of the species only occurred in 
forest (14 species, 34.1%), and 10 (24.4%) prevailed in 
degraded forests; however, the majority thrived well in 
open habitats (16, 39.0%). Only one species (2.4%) was 
fossorial, three (9.8%) were aquatic, 12 (29.3%) were 
arboreal, and the majority (23 species, 56.1%) occurred 
in the leaf litter. Three species had no free-living tadpole 
(4.9%), the tadpoles of seven species (17.1%) live in small 
rivers, and the majority (29, 70.7%) develop in stagnant 
waters of various sizes. A large proportion of frog species 
were only found in primary forest (15 species, 36.6%), 
but the remaining species either tolerated some habitat 
degradation, or only occurred in degraded habitats (13 
species, 31.7%; Table 1). The primary forest records of 
two species known to usually occur in savanna habitats, 
Leptopelis viridis and Ptychadena bibroni, indicates that 
our “primary forest’ records also comprise ‘guests’ that do 
not normally live in that habitat. 

Based on the daily species lists, the overall sampling 
efficiency for the entire study area was calculated (Fig. 
3). The Jack-knife 1 estimator calculated 42.0 (SD: + 1.0) 
amphibian species, and the Chao 2 estimator estimated 
41.0 (SD: + 0.1) species for the entire study area, which 
represent 97.6% and 100% of the 41 observed species, 
respectively. Therefore, we would not expect to find more 
species through an enhanced sampling effort. Concerning 
the different habitat types, the two estimators showed 
similar efficiencies 1n the respective habitats, with values 
ranging from 77.8% to 100% of the actual observed 
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Habitat Habitat 

cP RE RE (adult) (tadpole) 
F, 1 S 
O, | S 
D, | S 
O, | S 
O, | S 
Fa f 
D,t Ss 
D, 1 f 
O, | S 


species counts. The lowest value was calculated by Jack- 
knife 1 for the rice fields, while the highest estimate was 
calculated by Chao 2 for rubber plantations (Table 1). 

The results of the Jaccard’s similarity of species 
assemblages between the five surveyed habitat types 
are presented in Table 2. The amphibian assemblages 
in degraded forest and the coffee and cocoa plantations 
were most similar with a value of 56.2%, followed by 
42.9% similarity of amphibian assemblages in coffee/ 
cocoa with those from rubber plantations. All other 
assemblages shared only a few species, e.g., the primary 
and secondary forest assemblages showed only 25.0% 
similarity. The lowest similarity was between primary 
forest and rubber plantations (6.3%). 


Discussion 


The results of this study revealed higher anuran species 
richness in forested habitats of Tai National Park (TNP) 
compared to the surrounding agroforestry systems. 


Table 2. Jaccard’s similarity of the anuran assemblages 
calculated with presence/absence data in pairwise comparisons 
between the five habitat types investigated in Tai National Park 
and the surrounding agroforestry systems. The values show the 
percentage of shared species between the two habitat types. 
The highest similarity in species composition was observed 
between degraded forest and coffee/cocoa plantations (in bold). 


Habitat type PF DF CP RP RF 
Primary forest (PF) = w2o:00872122 e625 -13:33 
Degraded forest (DF) - - 56.22 30.43 20.00 
Coffee/cocoa plantation (CP) _ - - - 42.85 25.00 
Rubber plantation (RP) - - - - 16.67 
Rice paddies (RF) - - - - - 


January 2022 | Volume 16 | Number 1 | e298 


Oussou et al. 


Fig. 4. Selected amphibian species from Tai National Park and surrounding agroforestry systems. (A) Conraua alleni inhabits 


rainforest streams. (B) Ptychadena cf. aequiplicata is a typical inhabitant of primary forest. (C) Chiromantis rufescens breeds in 
puddles along forest roads and stagnant ponds and puddles in the forest. (D) Arthroleptis cf. poecilonotus (a complex of at least two 
Species) occurs in primary and degraded forest, and is particularly abundant in agroforestry systems. (E) Amnirana galamensis is a 
typical inhabitant of African savannas and was detected for the first time in the Tai area. (F) Ptychadena mascareniensis is a very 


abundant frog in rice fields. 


Whereas 27 and 24 species were detected in old growth 
and degraded forests, respectively, only 14 species were 
found in mixed coffee/cocoa plantations, 10 in rice fields, 
and seven in rubber plantations. These observations are in 
agreement with a study from Southeast Asia. In Sulawesi, 
Wanger et al. (2010) observed a decrease in amphibian 
species richness along a land-use gradient from closed 
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primary forest habitats to increasingly more open areas. 
In contrast, other studies revealed no significant effect 
of agricultural forest exploitation on amphibian species 
richness (Faruk et al. 2013; Konopik et al. 2015), with 
almost identical anuran species richness 1n forested sites 
and oil palm plantations in Malaysia. In fact, Ernst et 
al. (2006) also observed identical amphibian species 
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richness in old growth forest and previously selectively 
logged habitats of TNP. However, the species assemblage 
composition was found to change considerably with 
forest degradation (Ernst and Rodel 2005, 2006, 2008; 
Hillers et al. 2008; Kpan et al. 2021), and functional 
diversity was significantly lower in previously logged 
forests (Ernst et al. 2006). 

The impact of forest degradation on anuran 
assemblages was also evident in this study, which found 
the highest similarity between the degraded forest 
habitats in TNP and the coffee and cocoa plantations. 
Thus, the amphibians of the latter habitats clearly 
occupied altered environmental conditions, which were 
still ‘forest-like’ to some extent. That the presence of 
shade trees and suitable breeding habitats may substitute 
for forest to some degree was underscored by the 
presence of some species that typically occur in proper 
forest, 1.e., Phrynobatrachus alleni and Phrynobatrachus 
liberiensis. However, other species recorded in those 
habitats, such as Phrynobatrachus fraterculus and 
Hyperolius picturatus, are typical inhabitants of 
farmbush, conforming with the degradation status of 
these plantations (Schigtz 1967). Rice fields provided a 
home for various frog and toad species. However, all these 
anurans are either typical farmbush species or species 
that prefer even more open habitats, such as Ptychadena 
aff. mascareniensis (compare Ndriantosa et al. 2017; 
Rodel and Glos 2019). Lastly, the rubber plantations had 
a very reduced amphibian fauna, with the only species 
possibly reproducing there being Arthroleptis sp. and 
Phrynobatrachus tokba. That these direct developing 
frogs (Lamotte and Perret 1963; Barbault and Trefaut- 
Rodrigues 1979; Rodel and Ernst 2002a) can benefit 
from the degradation of forest has already been reported 
by Ernst and Rodel (2005). With the exception of rice 
fields, Arthroleptis species were found in all terrestrial 
ecosystems of the TNP area. Interestingly, P. tokba was 
recorded only from primary forest in this study, which 
is in sharp contradiction to previous research from TNP 
(e.g., Ernst et al. 2006; Kpan et al. 2021). 

Based on our data, it is difficult to state whether the 
species suffering from forest degradation had particular 
life history traits, such as preferred micro-habitats or 
larval habitats (Table 1). This is partly due to the fact that 
some species were recorded exclusively in primary (e.g., 
Leptopelis viridis and Ptychadena bibroni) or degraded 
forest (Amnirana galamensis) which are known to 
usually occur in savanna habitats (Rodel 2000). These 
records may either indicate that our plot definition was 
not perfect (e.g., other neighboring habitat types with 
respective species) or these specimens were ‘guests’ and 
only encountered while migrating through the forested 
areas. For example, savanna amphibian communities in 
TNP are known to have become established on granite 
inselbergs within the forest (see Figs. 1.8 and 1.33 
in Rodel et al. 2021), and these species may be rarely 
encountered in the forest between inselbergs (M.-O. 
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Rodel, pers. obs. and unpub. data). However, the results 
of this study clearly show that the agroforestry systems in 
the TNP area could only provide habitat to a small subset 
of the regional species pool, namely some generalist 
forest amphibians and species that do not normally occur 
in forest ecosystems. Typical members of the latter group 
are species such as the three mentioned above, as well 
as P. aff. mascarenisnsis and Phrynobatrachus latifrons, 
which mostly occur in savanna habitats (Lamotte 1967; 
Rodel 2000). 

In addition to the 56 species reported by Rodel and 
Ernst (2004) and Ernst et al. (2006), this study confirmed 
the presence of two additional species, Conraua alleni and 
Amnirana galamensis, thus raising the number of known 
amphibian species for the TNP area to 58. Conraua alleni 
(Fig. 4A) has been described from Liberia (Barbour and 
Loveridge 1927), and reported in Céte d’ Ivoire to the south 
(Rodel and Branch 2002, Haute Dodo Classified Forest) 
and north of the TNP (Rodel 2003, Mont Sangbé National 
Park), as well as from Mount Nimba (Guibé and Lamotte 
1958; Lamotte and Perret 1968; Kanga et al. 2021). This 
aquatic species prefers clear streams in forests (R6del and 
Branch 2002; Rodel 2003; Rodel and Bangoura 2004). 
We also observed this species in permanent streams in 
primary forests with a closed canopy and open understory 
in the Soubré (05°28’49”N, 07°3’35”W) and Tai sectors 
(05°53’52”N, 07°23’57”W). In contrast, A. galamensis 
(Fig. 4E) is generally found in savanna habitats, survives 
successfully in modified habitats (Rodel 2000), and has 
even been reported from urban areas (Kouamé et al. 2015). 
This taxon 1s widespread in sub-Saharan A frica (Channing 
and Roddel 2019), but comprises several cryptic species 
(Jongsma et al. 2018). We found A. galamensis in a highly 
polluted area (06°14712.7”N, 07°11704.3”W) close to a 
village. 

Although the estimators indicated that we could 
not expect to find many more species of the local 
amphibian assemblages, this seems unlikely. The 
overall species richness of our study was similar to 
that revealed in other nearby forest regions (see Rédel 
and Branch 2002). However, our species list here 
lacks a number of frogs which actually typically occur 
in swampy (e.g., Phrynobatrachus villiersi, Kassina 
lamottei, Hyperolius zonatus) or drier forest sites 
(Phrynobatrachus guineensis), along forest streams 
(Leptopelis macrotis, Hyperolius chlorosteus, Amnirana 
occidentalis), and even in more open sites within forest 
(Phlyctimantis boulengeri). Some of these species are 
only active through particular parts of the season and/ 
or under certain climatic conditions, so it is possible that 
the number of visits per plot was not sufficient (1.e., rice 
fields) or well-suited (forested habitats) to detect them in 
this study (compare Veith et al. 2004). The latter is also 
indicated by the variations of our estimated sampling 
efficiency. These other species which we did not detect 
are generally very rare (Sclerophrys taiensis), are only 
active through very particular conditions (1.e., the largest 
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rains of the season: Afrixalus vibekensis), or need rare 
and hard-to-find micro-habitats (Acanthixalus sonjae in 
huge water-filled tree holes; compare the publications 
cited in the Introduction). However, the possibility that 
these species were missed in our study plots does not 
contradict our general conclusions. As almost all of the 
species which we could not detect are forest species or 
even forest specialists, the converse relationship between 
species richness and habitat degradation might actually 
be even larger than that documented in our study. 


Conclusions 


Our findings on the capacity (1.e., the very limited 
capacity) of agroforestry systems for the maintenance of 
anuran diversity has important implications for rainforest 
conservation in Céte d'Ivoire and the Upper Guinea 
forest zone. Our study showed that the conversion of 
forest to agroforestry systems significantly reduced 
species richness, in particular for the forest specialists. 
However, this study also showed that some of the more 
“forest-like” agroforestry systems, namely mixed coffee/ 
cocoa plantations with shade trees, have some capacity to 
provide habitat for forest anuran communities, although 
largely pauperized. Several agroforestry systems 
established in the TNP area, e.g., vegetable gardens, oil 
palm and banana plantations, or mixed cultivations, have 
not been studied, so further research at such sites may 
improve our understanding of the potential for certain 
agroforestry systems in the maintenance of biodiversity. 
However, our study results, in combination with the 
results revealed by Ernst and Rodel (2005) and Kpan 
et al. (2021), show that the amphibian assemblages in 
formerly logged areas did not match those in old growth 
forest even 45 years after selective logging ceased. 
This clearly indicates that in order to conserve the huge 
diversity of specialist and range-restricted West African 
forest anurans, the remaining areas of pristine forests 
need to be maintained untouched. 
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Appendix 1. List of sampled plots with their positions in the Tai area. For ‘Sectors,’ compare Fig. 1 and GPS position in WGS 84; ‘Status’ 
gives the habitat status; for ‘Dates,’ all survey dates are in 2018; and ‘Habitats’ gives short habitat descriptions and the habitat type of each 
plot (PF: primary forest; DF: degraded forest; CP: mosaic of coffee and cocoa plantations; RP: rubber plantation; RF: rice field). 


18 May, 20 August 06°11°45.3” 07°06’07.6” Primary forest, stream eee ) 


19 May, 21 August 06°09°43” 07°17°59” Primary forest (drier than others; 1.e., 
no swamps) (PF) 
National Park 20 May, 22 August 06°06’22” 07°19° 15” Primary forest, stream (PF) 
21 May, 23 August 06°14°29” OF 13°32" Degraded forest, lake (DF) 


22 May, 24 August 05°S7°30” 06°55°50” Primary forest (drier than others; 1.e., 
no swamps) (PF) 
12 May, 10 August }06°11°588" 58.8” | or0e39.6" | SAG. Rice field, river, grassland (RF) 
ae 13 May, 10 August 06°12°44.4” 07°03°17.1” Rice field, river, grassland (RF) 
14 May, 11 August 05°57°40” 06°35" 36° Cocoa/coffee plantation (CP) 
National Park 12 June, 6 October 05°28’22.0” 06°55’06.8” Primary forest (PF) 
Djapadji 14 June, 9 October 05°29° 06.2" 06°53’58.6” Cocoa and rubber plantation (CP/RP) 
Agricultural 
system : ‘ 7 A ; 
15 June, 10 } 15 June, 10 October _| 05°10’06.2 06°48’26.1 Rice field, river, grassland (RF) 
20 June, 15 October 05°27°41.7” G7°13°03:3" Primary forest, stream (PF) 
National Park 
22 June, 16 October 05°32’ 10.0” 07°06’41.3” Primary forest, stream (PF) 
Djouroutou 
’ 25 June, 20 October 05°23’28.8” OT" 15203..9~ Rice field, river, grassland (RF) 
Agricultural 
system ) PP) 2 PP) Z * 
26 June, 21 October 05°15°34.7 07°19°18.3 Rice field, river, grassland (RF) 
2 July, 28 September 05°50°48.5” 06°56’33.1” Primary forest, stream (PF) 
1 July, 27 September 05°44’53.0” 06°56’52.0” Primary forest, stream (PF) 


30 June, 26 September } 05°38°52.0” Ge%sot4a ge _ ||| PFmare forest (drier than‘others, i.e: 
no swamps) (PF) 


National Park | 9 June, 25 September | 05°49°51.0” Meese sone | le at eteres. (eetnaniginers, es 
no swamps) (PF) 
Soubré ro} b » fe} 2 ” “ 
28 June, 24 September 05°53’41.0 07°06’46.0 Primary forest, stream (PF) 
27 June, 23 September 05°42’37.0” 06°58’30.0” Primary forest, stream (PF) 
26 June, 22 September 05°36’°04.9” OFPO02 S35” Degraded forest, stream (DF) 
orioultital 28 May, 2 August 05°42’39.2 06°53714.1 Cocoa/coffee plantation (CP) 
system z rs 
29 May, 3 August 05°36’45.1 06°56713;1 Rubber plantation (RP) 


4 June, 7 September 05°49°59.4” O7°20°32.7" Degraded forest, buildings (DF) 
5 June, 9 September 05°50°04.7” 07°17°30.0” Primary forest, stream (PF) 
National Park 6 June, 10 September 06°02’39.4” 07°24’46.1” Primary forest, stream (PF) 


7 June, 11 September 06°03’40” 07°24’ 12” Primary forest, stream (PF) 
8 June, 12 — 06°04'55.9” grcomiags || Puallary-lorseutduier than-others ae 
no swamps) (PF) 


21 June, 15 } 21 June, 15 September | } 0s°s428.4” 28.4” | omesasa” | 43.4” Rice field, river, grassland (RF) 


eae 21 June, 28 September | 05°52°32.23” 07°27°11.26” | Rice field, river, grassland (RF) 
15 June, 17 September 06°03’44.9” 07°25°46.8” Cocoa/coffee plantation (CP) 
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Thermal ecology of the Pygmy Alligator Lizard, Gerrhonotus 
parvus Knight and Scudday, 1985 (Squamata: Anguidae), in 
Nuevo Léon, Mexico 
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Abstract.—Temperature is one of the most important abiotic factors that affect organisms, and is perhaps the 
most acute of all. This study investigates the thermal ecology of the Endangered lizard Gerrhonotus parvus 
in Nuevo Leon, Mexico. The average body temperatures (T,) of adult males and females (24.72 + 0.79 °C and 
24.10 + 1.00 °C, respectively) were not significantly different (F, ,, = 0.21, p = 0.64); and those obtained in the 
spring and summer (24.50 + 0.58 °C and 25.59 + 1.38 °C, respectively) were not significantly different (F,,, = 
0.66; p = 0.51). The body temperature presented positive and significant relationships with both air temperature 
(T,; R? = 0.29, p < 0.05; T, = 0.55 T, + 12.52) and surface temperature (T,; R? = 0.52, p < 0.05; T, = 0.68 T, + 
8.07). The slope values in the regressions of T, with air temperature (T.) and substrate temperature (T.) were 
0.55 and 0.68, respectively. These results suggest that this small lizard is thigmothermic and depends more 
on the temperature of the substrate (T,) than the temperature of the air (T,) to passively regulate its body 
temperature. In this way, Gerrhonotus parvus obtains heat by using thermoconformity and thigmothermism, 
which is consistent with the patterns presented by other species of anguids. 
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Introduction 


Temperature is one of the most important abiotic 
factors that affect organisms (Allee and Park 1939; 
Sinervo et al. 2010), and is perhaps the most acute of 
all (Angilletta et al. 2002; Huey et al. 2010) because it 
affects all aspects of their physiological performance 
(Hutchison and Dupré 1992). It can influence the 
distribution and ecology of lizards since certain species 
regulate their body temperature within a relatively 
narrow range during their activities that corresponds to 
the optimum for their metabolism, locomotion, and other 
physiological functions (Angilletta et al. 2002; Bowker 
and Johnson 1980). These organisms control their 
body temperature by a combination of both behavioral 
and physiological patterns (Bowker 1984; Hertz et al. 
1982; Huey 1982). Thus, the impacts of changes in the 


environmental temperature on populations depend on 
the acclimatization, thermoregulatory behavior, habitat 
selection, and changes in the patterns of daily activity, 
in addition to changes in phenology and reproduction 
(Deutsch et al. 2008; Huey and Slatkin 1976; Huey et 
al. 2009; Kearney et al. 2009), and perhaps, ultimately, 
by their ability to follow changes in the thermal niche 
(Lara et al. 2015). Therefore, the study of thermal 
ecology has become integral to our understanding of the 
ecophysiology of these reptiles (Angilletta 2009; Avery 
1982; Bartholomew 1982; Sinervo et al. 2010). 
Thermoregulatory strategies among reptiles range 
on a continuum from thermoconformity to active 
thermoregulation (Huey and Slatkin 1976). Some lizard 
Species are predominantly thermoconformers; so, for 
example, they keep their body temperatures similar to 
those of the environment (Hertz et al. 1993; Piantoni 
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et al. 2016; Ruibal 1961; Rummery et al. 1994). Others 
are accurate thermoregulators which can maintain 
temperatures close to their preferred body temperature 
and above the ambient temperature (Bauwens et al. 1996; 
Christian 1998; Gutiérrez et al. 2010; Ibargtiengoytia et 
al. 2010; Lara et al. 2015; Sartorius et al. 2002; Valdecanto 
et al. 2013). Genera such as Anolis and Liolaemus 
present intrageneric variation in their thermoregulatory 
strategies, with some species being thermoregulators and 
others thermoconformers (Piantoni et al. 2016). Thus, 
observations have indicated that a spatial distribution 
pattern for thermoregulation exists, such that close 
to the equator and at low elevations, the incidence of 
thermoconformity increases, leading to a limited capacity 
for adapting to climate change (Huey et al. 2003; Sears 
et al. 2011). On the other hand, Gerrhonotus species tend 
to have a fragmented distribution with low abundance, so 
that more information on the thermal ecophysiology of 
these populations is urgently required. Such information 
will allow a better understanding of the thermoregulatory 
strategies that are present in various populations which 
occupy different habitats and during different seasons 
of the year, and an understanding of these strategies 
can assist in the conservation of potentially vulnerable 
populations. For this reason, the objective of the 
present study is to analyze the basic thermal ecology of 
Gerrhonotus parvus in northeastern Mexico. 

The genus Gerrhonotus is represented in Mexico 
by eight species: G. farri, G. infernalis, G. lazcanoi, 
G. liocephalus, G. lugoi, G. mccoyi, G. ophiurus, and 
G. parvus. Of these, the most widely distributed are G. 
liocephalus in western and southern Mexico and G. 
infernalis in central and northern Mexico and southern 
Texas (Good 1994). The remaining species are found in 
small areas and are known from only a few individuals. 
Gerrhonotus ophiurus is distributed in Tamaulipas, Nuevo 
Leon, central and southwestern San Luis Potosi, eastern 
Querétaro, Hidalgo, Tlaxcala, Puebla, and the mountainous 
areas of northern Veracruz (Lemos-Espinal and Dixon 
2013; Nevarez de los Reyes et al. 2019); historical G. /ugoi 
was isolated in the Basin of Cuatrociénegas, Coahuila 
(McCoy 1970), but recently it has been reported in Nuevo 
Leon (Garcia- Vazquez et al. 2016; Montoya-Ferrer et al. 
2021); G. farri is found near Tula, Tamaulipas (Bryson 
and Graham 2010); G. mccoyi is known only from the 
shores of several small lagoons, and in the Basin of 
Cuatrociénegas, Coahuila (Garcia-Vazquez et al. 2018); 
and G. parvus is known only from four localities in Nuevo 
Leon and one in Coahuila. In Nuevo Leon, it inhabits the 
municipalities of Galeana, Los Rayones, Santiago, and 
Santa Catarina (Banda-Leal et al. 2013, 2014b). 

The four previously-mentioned small species (G. farri, 
G. lazcanoi, G. lugoi, and G. parvus) have restricted 
distributions and very little is known about their biology. 
For G. farri and G. lazcanoi, only the collecting data 
for a single specimen of each are known (Banda-Leal et 
al. 2016, 2017); and for G. /ugoi, there is only a report 
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of reproduction in captivity that describes the courtship 
behavior and litter size (Lazcano et al. 1993). For G. 
parvus, some details are available about its natural history 
based on work that began when it was first described in 
1985 (Knight and Scudday 1985; Banda-Leal et al. 2002, 
2005, 2013, 2014a,b; Bryson et al. 2003; Conroy et al. 
2005; Banda-Leal 2016). In a recent document, Garcia- 
Vasquez et al. (2016) mentioned finding G. parvus in the 
municipality of Mina, Nuevo Leon. Although efforts have 
been made to understand the phylogenetic relationships of 
the species in this genus (Good 1988, 1994; Conroy et al. 
2005), they remain unclear. The Pygmy Alligator Lizard, 
Gerrhonotus parvus, 1s an Endangered species known only 
from the Sierra Madre Oriental in the states of Nuevo Leon 
and Coahuila, Mexico (Fig. 1). Even though our group 
has written many articles on this species during the past 
decade, and much of this information was documented by 
Banda-Leal (2016), much still remains to be discovered in 
our understanding of the biology of G. parvus. 

The characteristics of the few localities where G. parvus 
has been found can provide some insights regarding its 
habitat environments. The type locality of G. parvus is 
in a transition zone between pine forest (Pinus arizonica) 
and open gypsophyllous scrub, in a locality called Ejido 
de Santa Rita. This locality is a flat portion of the ejido (a 
communal piece of land), with patches of Texas Mountain 
Laurel (Sophora secundiflora), dispersed individuals of St. 
Peter’s Palm (Yucca filifera), and some herbaceous plants, 
such as grasses and globular cacti (Coryphantha sp., 
Turbinicarpus beguinii, and Mammillaria sp.). There are 
some low hillsides with steep slopes, as well as canyons 
formed by streams, where limestone and chalky soils are 
present. On these slopes, piedmont scrub and rosetophilous 
scrub vegetation is found, and the pine community is 
composed of Arizona Pine (Pinus arizonica) and Mexican 
Pinyon Pine (Pinus cembroides). The elevational gradient 
in this area is 1,650—1,850 m. 

However, the nature of the microhabitats at the other 
G. parvus localities suggest that it has a preference for dry 
limestone canyons. The second locality for the species is 
Cafion San Isidro, Santiago, Nuevo Leon. This canyon 
lies at an elevation of 1,600-—1,750 m, runs east to west, 
is characterized by steep limestone walls covered with 
agaves (Agave sp.), sotols (Dasylirion sp.), and scrub oaks 
(Quercus sp.), and has intermittent pools of water. The 
canyon bottom has piles of leaf litter with scattered large 
rocks (Banda-Leal et al. 2002; Bryson and Lazcano 2005) 
where the specimens have been found. The third locality 
of Cafion Mireles, Los Rayones, Nuevo Leon, consists of 
piedmont scrub elements with a habitat similar to that of 
Cafion San Isidro, but with an elevation of 900 m (Conroy 
et al. 2005). The fourth locality is Cafion Reflexiones in the 
municipality of Santa Catarina, Nuevo Leon. This narrow 
canyon has an elevation of 1,650 m and is composed of 
limestone rock, with the presence of rosetophilous and 
piedmont scrub elements. An extensive list of the species 
found here was documented by Banda-Leal et al. (2014b). 
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Fig. 1. Distribution of Gerrhonotus parvus in northeastern Mexico. The stars indicate the localities of specimens used in this study: 
Cafion de San Isidro, Santiago (white star) and Ejido Santa Rita, Galeana (black star). The coordinates are shown around the edges 


of the map in the UTM/WGS§84 metric system. 


The most recent findings of the species outside of 
Nuevo Leon were in the municipalities of Arteaga and 
Saltillo in the state of Coahuila in a Natural Protected 
Area called Sierra de Zapalinamé. Here, it was found at 
elevations from 1,700-—3,100 m, with the vegetation types 
including desert scrub, submontane grasslands, gallery 
oak, and pine forests, depending on the specific localities 
where the specimens were found within the protected area. 
For example, the locality of Cafion de San Lorenzo, where 
most of the G. parvus were found, has one of the most 
diverse floral communities in the Sierra Madre Oriental. 
The dominant plant species are Sotols (Dasylirion 
cedrosanum), Chaparro Oak (Quercus pringlei), Little 
Bird Tree (Lindleya mespiloides), and Evergreen Sumac 
(Rhus virens) growing on a rocky substrate with abundant 
crevices. In the locality of the Paraje Aguajes area, the 
principal vegetation 1s composed mainly of Chaparro Oak, 
Mexican Drooping Juniper (Juniperus flaccid), Sotols, 
Lechuguilla Agave (Agave lechuguilla), and Apak Palm 
(Brahea dulcis). The other locality within the protected 
area is called Cerro de las Nieves II, where the main plant 
elements are Sotols, Chaparro Oak, Little Bird Tree, and 
various grasses (Banda-Leal et al. 2018). 

The goal of this study was to gather more information 
about the thermal ecology of G. parvus in its natural 
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habitats. Three years of field surveys were conducted 
to locate specimens and obtain thermal measurements 
of the lizards themselves, along with data on the air and 
substrate temperatures where they were found. 


Materials and Methods 


Field surveys were conducted from 2012 to 2015 during 
the months of March—October. The previously known 
localities for G. parvus within the Sierra Madre Oriental 
in Nuevo Leon were surveyed. These localities were 
visited from 0800-1600 h at Ejido Santa Rita, Galeana, 
4.5 km south of the entrance to the town of Galeana, in 
the Cafion de Mireles, and Los Rayones, 2.20 km to the 
northeast of the municipality capital of the same name, 
then in Cafion de San Isidro, Santiago. Two additional 
areas in which this lizard might potentially occur were 
also surveyed, 1.e., Cafion de Reflexiones, Santa Catarina, 
3.6 km south of the locality of Casa Blanca and the area 
in the foothills of Sierra Madre Oriental, 4.73 km east of 
Casa Blanca, Garcia, Nuevo Leon. A total effort of 1,400 
person-hours was expended during these surveys. 

The samples were assembled using the Campbell 
and Christman (1982) and Dodd (2016) methods, which 
consist of locating and capturing specimens on the 
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Fig. 2. Seasonal pattern of daily activity of Gerrhonotus parvus 
in Sierra Madre Oriental. 


different substrates present, either under or on rocks, 
leaf litter, vegetation, and soil. The substrates were 
manipulated using hybrid herpetological hooks that are 
used for handling snakes (Professional Field Hook 45), 
herpetological forceps (Tweezers 24), and a borescope 
of 90 cm long (Extech BR200). The habitat structure 
used by the species in each locality was characterized 
and quantified according to the Brau-Blanquet method, 
which consists of establishing the percentages of the 
different structures that typify the habitat, such as rocky 
areas, leaf litter, vegetation, and soil (Kent and Coker 
1992; Greenberg et al. 1994; Jellinek et al. 2004). 

Each specimen was captured manually or with 
herpetological tweezers. Data recorded included the date, 
hour, and the body temperature (T,,) during the first 10 sec 
after capture, which was recorded with a thermometer 
Raytek (MiniTEMP) with a sensor sensitive to + 0.1 °C 
at 5 cm from the dorsal surface. The air temperature (T_) 
was measured in the shade at 5 cm above the substrate 
where the individual was first observed, and the substrate 
temperature (T,) was measured in the shade by touching 
the substrate where the individual was first seen. Also 
recorded were the SVL (mm), sex, the activity of the 
specimen, and location coordinates using the UTM, 
WGS84 (Garmin Etrex 10) metric system. 

Simple linear regression was used to analyze the 
relationships of T, with T, and T_. To determine whether 
this species is a thermoregulator or thermoconformer, the 
criteria used by Huey and Slatkin (1976) were applied. 
According to these criteria, a species is a thermoregulator 
when the slope of the linear regression of the T, and the 
environmental temperature (T, or T,) is zero or close 
to zero, and a species is a thermoconformer when the 
slope is one or close to one. In addition, if the correlation 
between T, and T_ is greater than the correlation between 
T, and T., then the organism is assumed to have a 
heliothermic tendency; while the tendency is thought to 
be thigmothermic if the opposite correlation 1s found. 
Significant differences between T, and either T, or T, 
were tested using an Analysis of Variance (ANOVA), and 
the significance value used for all statistical tests was P < 
0.05. Post-hoc pair-wise comparisons (Tukey Test) were 
tested for significance. The tables and results in the text 
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Fig. 3. Proportions of microhabitats used by Gerrhonotus 
parvus. 


show the average + standard error, sample size (N), and 
temperature range (Sokal and Rohlf 2000). 


Results 


General Observations of the Specimens Found, Their 
Behaviors, and Habitats 


During the course of the fieldwork, 51 active individuals 
were observed at two locations: Galeana (5): two males, 
two females, one unsexed; and Cafion de San Isidro (46): 
28 males, 12 females, four unsexed. The most active 
seasons for the species were spring (37): 22 males, 11 
females, four unsexed; and summer (14): seven males, 
three females, four unsexed. 

The majority of the males of this species were 
observed in the spring and summer, and most of the 
observed specimens were adults. The activity pattern 
varied seasonally. During the spring, most of the activity 
was recorded between 1100-1900 h but remained 
generally constant throughout the day, whereas in the 
summer the activity occurred between 1000-1800 h. 
Similar to other species of lizards, the pattern of activity 
during the spring seems to be unimodal, whereas during 
the summer it tends to be bimodal with peaks of activity 
in both morning and afternoon (Fig. 2). In general, more 
activity was observed after periods of rain. 

Individuals were located in cool, moist, and shaded 
microhabitats, mainly on rocks (65%), leaf litter (16%), 
vegetation (11%), and soil (8%) (Fig. 3). In general, they 
seemed to avoid direct exposure to sunlight. It is likely that 
abiotic factors (such as temperature and humidity) are the 
most important factors that influence the activity patterns 
and microhabitat selection (Angert et al. 2002; Pal et 
al. 2010). This could explain why the modeling of the 
ecological niche indicated that bioclimatic isothermality 
was the variable that influenced the distribution G. 
parvus in the localities within the Sierra Madre Oriental. 
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Table 1. Body temperature (T,), air temperature (T,), and substrate temperature (T,) for Gerrhonotus parvus in Sierra Madre 


Oriental, Nuevo Leon. 


Season N 

Body temperature (T,) Spring 37 
Summer 14 

Total 51 

Air temperature (T) Spring 37 
Summer 14 

Total 51 

Substrate temperature (T,) Spring 37 
Summer 14 

Total 51 


These localities fall within the geographic provinces of 
Gran Sierra Plegada and Sierra y Llanuras Occidentales 
(Band-Leal 2016). 


Temperature Measurements 


Temperatures by gender. The body temperature (T,) 
averages of adult males (24.72 + 0.79 °C, N = 31) and 
females (24.10 + 1.00 °C, N = 15) were not significantly 
different (F, ,, = 0.21, p = 0.64). 

Temperatures by season. Seasonally, the body 
temperatures (T,) obtained from 37 specimens in the 
spring (average: 24.50 + 0.58 °C, range: 17.80—30.10 
°C), and from 14 specimens in summer (average: 25.59 
+ 1.38 °C, range: 13.4-32.4 °C) were not significantly 
different (F, ,, = 0.66; p = 0.51, Table 1). 

The air temperature (T,) averages for G. parvus sites 
in the spring for 37 specimens (average: 23.59 + 0.63 
°C; range: 13.80—32.00 °C) and in the summer for 14 
specimens (average: 24.74 + 1.31 °C, range: 10.60—31.60 
°C) were not significantly different (F, ,, = 0.84; p = 0.43, 
Table 1). 

The substrate temperature (T,) averages for G. parvus 
sites in the spring for 37 specimens (average: 21.29 + 
0.61°C; range: 15.00-—29.60 °C) and in the summer for 14 
specimens (average: 23.81 + 1.18 °C; range: 11.60—30.20 
°C) were not significantly different (F, ,, = 2.52; p =0.09, 
Table 1). 


2,49 


2,49 


Correlations between the temperatures. The ANOVA 
results showed differences between T,, T., and T CE. ‘in 
11.27; p = 0.004). Pair-wise comparisons (Tukey Test) 
showed that the average body temperature was different 
than the average substrate temperature (q = 4.544, p < 
0.05), the average body temperature was not different 
than the average air temperature (¢ = 1.08, p > 0.05), 
and the average air temperature was different than the 
average substrate temperature (g = 3.46, p < 0.05). 

The body temperature presented a positive and 
significant relationship with T, (R* = 0.29, p < 0.05; 
T, = 0.55T, + 12.52) and with T, (R? = 0.52, p < 0.05; 
T, = 0.68T, + 8.07) (see Fig. 4). The slope value for 
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Mean SE Minimum Maximum 
24.50 0.58 17.80 30.10 
25.59 1.38 13.40 32.40 
24.80 0.56 13.40 32.40 
23.59 0.63 13.80 32.00 
24.77 1.31 10.60 31.60 
23.92 0.58 10.60 32.00 
21.29 0.61 15.00 29.60 
23.81 1.18 11.60 30.20 
21.91 0.56 11.60 30.20 


the regression of the body temperature (T,) and air 
temperature (T_,) was 0.55, and for the regression of the 
body temperature (T,) and substrate temperature (T,) it 
was (0.68. 


Discussion 


The body temperatures recorded for active males 
and females of G. parvus (24.72 + 0.79 °C and 24.10 
+ 1.00 °C, respectively) are within the range of the 
optimum thermal gradient for individuals of the genus 
Gerrhonotus, which ranges from 21 to 32 °C (http:// 
madisonherps.org/guwp/wp-content/uploads/2016/07/ 
AlligatorLizards. pdf). 

The lack of a significant difference between the body 
temperatures (T,) of females and males of G. parvus (Fig. 
5) was also observed by Fierro-Estrada (2013) for Abronia 
taeniata. This feature may be due to the fact that the two 
sexes occupy very similar microhabitats. In another 
species of the same genus (Gerrhonotus infernalis), 
Garcia-Bastida (2013) observed male-female couples 
sharing the same place of refuge for several weeks, which 
might be the same situation for G. parvus. On the other 
hand, G. infernalis has an average body temperature of 
22.9 °C in spring and summer (Garcia-Bastida 2013). 
This species tends to occur in more shaded microhabits 


35 
o y=0.55x + 12.52 
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- T, vs 1, : 0, 
A y=0.68x + 8.07 a7¢° 
R?=0.52 & y = On 4 


25 


T, (°C) 


8 13 18 


28 33 


23 
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Fig. 4. Relationship between body temperature (T,), air 


temperature (T_) and substrate temperature (T,) for Gerrhonotus 
parvus of Sierra Madre Oriental in Nuevo Leon, Mexico. 
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Fig. 5. Specimens of (A) male Gerrhonotus parvus and (B) female Gerrhonotus parvus. 


Table 2. Average body temperature (T,) and relationships of body temperature with substrate temperature (T,) and air temperature 
(T,) in several species of Anguidae. An asterisk (*) indicates body temperature was taken in the shade. 


Species 


Barisia imbricata 


Abronia taeniata 


Gerrhonotus infernalis 


Elgaria paucicarinata 


Gerrhonotus parvus 


Average 
T,CO) 


26.6 
22.4 


22:3 


20.7 


25.4 


25.0 


Amphib. Reptile Conserv. 


Range T, 


12-34 
11-30 


14-30 


18-34 


20-31 


13-32 


R’ of 
T, VS. T, 


0.43 
0.18 


0.73 


0.98 


0.84 


0.52 


R’ of 
¥ VS. T, 


0.30 
0.20 


0.76 


0.83 


0.80 


0.29 


19 


References Thermoregulatory trends 


Lemos-Espinal et al. 1998 


Murioz-Brito 2013 Thigmothermic, eurythermic 


Fierro-Estrada Thermoconforming 
2013 Facultative eurythermic 
Garcia-Bastida Thermoconforming 
2013 Thigmothermic, eurythermic 
Valdez-Villavicencio and Galina- Thermoconforming 
Tessaro 2014 Thigmothermic 
This study Thermoconforming 


Thigmothermic, eurythermic 
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than G. parvus to avoid direct contact with the sun’s 
rays, and it occupies much higher rocky microhabitats 
that are more exposed to the sun when it 1s active. 
Differences in the average body temperatures measured 
for these two species are perhaps due to the differences 
in the weather conditions and the elevations of the areas 
where they occur. Gerrhonotus parvus inhabits a variety 
of plant communities in arid mountainous areas, such as 
pine-oak forest, pine forest, and oak forest in transition 
(http://www.fcb.uanl.mx/herpetologia); and is more 
commonly found at 1,600—1,650 m (Canseco-Marquez 
and Mendoza-Quijano 2007) and especially among 
rocks and within leaf litter. In contrast, G. infernalis is 
most abundant at elevations of 1,360—3,400 m, usually 
occupying rock crevice microhabitats, and 1s distributed 
from semi-desert regions to rocky pine forests (Good 
1988; Lemos-Espinal et al. 2018). As in G. infernalis, 
there is an increase in the activity of G. parvus in the 
spring and summer months after the rains. 

With respect to its trends as a thermoregulator, two 
pieces of evidence might indicate a passive temperature 
thermoconformism in G. parvus. The first is that the slope 
of the regression for T, vs. T, (0.55) was less than the 
slope for T, vs. T, (0.68). Based on the criteria proposed 
by Huey and Slatkin (1976), this species presents a trend 
toward the passive thermoregulator strategy (Garcia-Rico 
et al. 2015). Being a thermoconforming lizard has certain 
implications. For example, when not exposed to the 
sun, it becomes less conspicuous to potential predators 
(Huey and Slatkin 1976). On the other hand, having 
lower body temperatures than other lizards, as do many 
of the members of the genus Sceloporus, gives them the 
benefit of losing less water to evaporation (Hertz 1992). 
We can also assume that the trend of G. parvus and other 
species of anguids (Barisia imbricata, Abronia taeniata, 
Gerrhonotus_ infernalis, and Elgaria paucicarinata) 
to show activity at low temperatures (Table 2) is an 
adaptive strategy that allows them to make the best use 
of the resources in the habitat, with less competition for 
food and space. 

The second piece of evidence that might indicate 
passive thermoregulation, according to the criteria of 
Huey and Slatkin (1976), is that this species has a low 
correlation for T, vs. T, (R? = 0.29), which is lower than 
that for T, vs. T, (R* = 0.52). This pattern suggests that 
G. parvus is thigmothermic and depends more on the 
temperature of the substrate (T,) than the temperature of 
the air (T_) to passively regulate its body temperature (T,). 
In this way, it obtains its heat by using thermoconformity 
and a thigmothermic process, which is consistent with 
the patterns presented by other species of anguids, such 
as Abronia taeniata (Fierro-Estrada 2013), Elgaria 
paucicarinata (Valdez-Villavicencio and Galina-Tessaro 
2014), and Gerrhonotus infernalis (Garcia-Bastida 
2013). Likewise, the members of the related family 
Xenosauridae and its single genus Xenosaurus also tend 
to be thermoconforming and thigmothermic species due 
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to their extremely secretive habits (Woolrich-Pifa et al. 
2012). 

Other authors have found relationships between 
ambient temperatures and the body temperature in other 
species of the family Anguidae, such as Gerrhonotus 
multicarinatus (Cunningham 1966) and Mesaspis 
monticola (Vial 1975). Lemos-Espinal et al. (1998), 
however, found no _ correlation between ambient 
temperatures and body temperatures of Barisia imbricata. 

We must highlight that in this study we found active 
specimens of G. parvus at 13.4 °C, which coincides 
with data recorded by Fierro-Estrada (2013) for Abronia 
taeniata and those published for other species in family 
Anguidae. According to Fierro-Estrada (2013), activity 
at such low temperatures in the family Anguidae 
suggests that these species possess certain physiological 
characteristics which allow them to be active at 
temperatures below the average T, of many lizards. 


Conclusions 


Gerrhonotus parvus and the majority of anguid species 
that are thermoconformers tend to change their body 
temperature as the environmental temperature of their 
refuge changes, or with some degree of exposure to the 
environment. Likewise, this species and the majority of 
members of the family Anguidae are thigmothermic, 
and can passively capture heat by conduction from the 
surface with which they are in contact. Finally, we must 
consider that the wide range of body temperatures of this 
lizard and many other anguids gives them the possibility 
of exhibiting eurythermy, so they will probably respond 
adequately to the consequences of climate change. In fact, 
predictive models have determined that the Anguidae 
family is least vulnerable to the effects of global warming 
(Sinervo et al. 2010). 
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Abstract.—With the existence of many endangered terrestrial ectotherms now being threatened in the face of 
climate change, effective tools to aid in the management of their conservation are necessary. Temperature-based 
activity estimation (TBAE) is an automated method for predicting surface activity and microhabitat use based 
on the temperature of an organism and its habitat, and TBAE may be used to reduce the monitoring effort for 
sensitive species. However, its efficacy has not been assessed in heliothermic species. We hypothesized that 
heliothermy would facilitate the accurate prediction of surface activity due to the rapid changes in temperature 
effected by exposure to solar radiation, but that TBAE would not accurately predict microhabitat use because 
heliothermic lizards shuttle too frequently among microhabitats. In this study, we assessed how well ambient 
air temperature and lizard physical model temperature predicted surface activity and microhabitat use of a 
federally-listed Endangered lizard, Blunt-nosed Leopard Lizard, Gambelia sila, by comparing these variables to 
continuously logged active lizard body temperatures in the field. While surface activity was correctly predicted 
93% of the time using either ambient or physical model temperatures, the accuracy in predicting microhabitat 
use only ranged from 47-72%. Finally, TBAE allowed us to predict the time of morning emergence from burrows 
to within approximately 11 minutes. TBAE is a promising means for remotely monitoring surface activity and 
morning emergence of heliotherms, however its utility in distinguishing microhabitat use in heliotherms is 
limited. 
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Introduction 


Refugia constitute a major resource for terrestrial 
organisms because they provide protection from 
predators (Martin and Lopez 2004; Manicom et al. 2008) 
and escape from extreme temperatures (Schwarzkopf 
and Alford 1996; Polo et al. 2005), and can buffer 
animals from extreme aridity and precipitation events 
(Bulova 2002; Burda et al. 2007; Ivey et al. 2020). 
However, essential behaviors like mate-searching 
and feeding typically require surface activity, which 
can be problematic for xerophilic animals due to the 
especially harsh conditions they often encounter on 
the surface (Martin and Pilar 1999; Krause et al. 2000; 
Webb and Whiting 2005; Amo et al. 2007; Davis et al. 


2008; Munguia et al. 2017). Animals that inhabit arid 
environments are at risk of extinction due to the increased 
temperatures and longer periods without precipitation 
associated with climate change (Archer and Predick 
2008; Barrows 2011), and such conditions force these 
animals to seek refuge more frequently and potentially 
reduce their ability to obtain resources (Buckley et al. 
2015; Grimm-Seyfarth et al. 2017). Heliothermic (sun- 
basking) lizards are particularly at-risk (Sinervo et al. 
2010) because they already thermoregulate at high 
temperatures (Cowles and Bogert 1944; Huey 1982), and 
further increases in ambient temperatures will force them 
into refugia. Heliothermic lizards typically have limited 
plasticity in their thermal tolerance (Gunderson and 
Stillman 2015). Because they are so adept at behavioral 
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thermoregulation by shuttling among the sun, shade, and 
refugia, they have a low potential for adapting to higher 
temperatures (Huey 1982; Huey et al. 2003; Angilletta 
2009; Mufioz and Losos 2018). Therefore, heliothermic 
lizards are excellent candidates for studying how shifts in 
climatic events will impact organisms that rely on their 
thermal environment and for understanding how we can 
use temperature to model their activity. 

A direct approach for studying how climate change 
influences vulnerable ectotherms relies on robust methods 
for collecting continuous data on body temperature and 
microhabitat use, but continuous sampling of small, 
heliothermic lizards is logistically challenging. Most of 
these studies employ the “grab and jab” technique, in 
which a lizard 1s captured, and a point sample of its body 
temperature is collected using a cloacal thermometer 
(Taylor et al. 2020). However, point-sampling of body 
temperature is highly biased in that it provides a small 
number of data points which only reflect those time 
periods in which animals are active and accessible (Taylor 
et al. 2004). Furthermore, tracking small individuals over 
time is difficult due to limitations in radio-transmitter 
size and battery life. Even in cases where telemetry 
is possible, tracking these animals on a regular basis 
over time presents financial and logistical challenges. 
Researchers might be able to accurately predict activity 
and microhabitat use based on body temperature data for 
small, heliothermic lizards in arid, hot environments if 
those data can be collected continuously and subjected to 
robust validation. Temperature-based activity estimation 
(TBAE) has been tested in two large-bodied reptiles, a 
lizard and a snake (Davis et al. 2008). The use of TBAE 
allowed researchers to predict surface activity 96% of 
the time in the Gila Monster (Heloderma suspectum), 
which forages actively on the surface, but only 66% of 
the time in the Western Diamond-backed Rattlesnake 
(Crotalus atrox), which tends to hide in the shade and 
therefore thermoconforms more than the Gila Monster. 
In this study, we investigated whether TBAE could be 
used to successfully predict not just surface activity, but 
also microhabitat use, in a smaller, heliothermic lizard. 

Inthis study, the efficacy of TBAE for estimating surface 
activity and microhabitat use was assessed in the Blunt- 
nosed Leopard Lizard (Gambelia sila), a federally-listed 
Endangered lizard found in a few isolated populations 
in the hot and arid San Joaquin Valley and Carrizo Plain 
in California, USA (IUCN 2017; Germano and Williams 
2005; Germano and Rathbun 2016; Stewart et al. 2019). 
Substantial financial resources are invested annually in 
studying this species in order to inform management 
plans for its protection and recovery. Gambelia sila 
may be dramatically impacted by climate change in the 
coming years (Ivey et al. 2020), although these lizards 
may be able to shift their activity patterns to mitigate 
warming (Germano 2019). Nevertheless, documenting 
the thermal ecology and activity patterns represents an 
essential component in the continued assessment and 
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management strategy of G. sila as federal managers seek 
to understand how rising temperatures, drought, and other 
stressors impact lizard behavior, health, and recruitment. 
We tested the hypothesis that TBAE can accurately 
predict surface activity in a heliotherm, because of the 
rapid change in temperature effected by exposure to solar 
radiation when the lizards emerge from burrows, but 
that it will be less robust in predicting microhabitat use 
because heliothermic lizards shuttle frequently among 
microhabitats. To test this hypothesis, we evaluated three 
key predictions: (1) TBAE accurately predicts whether a 
lizard is underground or surface active, (2) the accuracy 
of TBAE in distinguishing microhabitat use (open 
sun, shade of plant, or inside burrow) is lower than in 
identifying surface activity, and (3) TBAE accurately 
predicts the time of day that a lizard first emerges from 
its overnight refugium. 


Materials and Methods 
Study Species and Sites 


This study took place in the Elkhorn Plain in the Carrizo 
Plain National Monument, California, USA, at two 
different sites. The first site (“shrubbed”) has sparsely 
distributed Ephedra californica shrubs throughout the 
terrain (35.117998°, -119.629063°), while the second 
site (“shrubless”) lacks Ephedra shrubs or any other 
permanent ground cover and is located 6.1 km SW of 
the shrubbed site (35.0891800°, -119.5750100°). The 
Elkhorn Plain experiences arid summers (average high 
30—40 °C) and cool winters (average low 5—9 °C, Raws 
USA Climate Archive, https://raws.dri.edu/index.html, 
accessed: 13 September 2019). Both sites are dominated 
by Giant Kangaroo Rat (Dipodomys ingens) precincts 
with extensive burrow networks that provide important 
refugia for G. sila (Ivey et al. 2020). TBAE analyses of 
surface activity and microhabitat use were performed 
using data from the shrubbed site in 2018, and analyses 
of the timing of morning emergence were performed 
using data from both sites in 2019. 

Adult G. sila were captured by a hand-held lasso 
in early May 2018 at the shrubbed site (n = 30), and 
in late April/early May 2019 at the shrubbed (” = 20) 
and shrubless (n = 20) sites. Lizards were fitted with 
VHF temperature-sensitive radio-transmitter collars 
(Holohil model BD-2T, Holohil Systems Ltd., Carp, 
Ontario, Canada) following the methods of Germano 
and Rathbun (2016). The collars weighed approximately 
1.5 g and never exceeded 5% of a lizard’s body mass. 
We recorded standard morphometrics (mass, SVL, sex, 
gravidity, and tail length), released lizards at their sites of 
capture, and subsequently tracked lizards 1—3 times per 
day using a VHF receiver and a Yagi antenna (R-1000 
Telemetry Receiver, Communications Specialists, Inc., 
Orange, California, USA). Observations were taken daily 
between 0700 and 1900 h, for a total of 147 observations 
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for all 30 lizards. During each tracking event, behavioral 
observations, microhabitat description, GPS coordinates, 
and a timestamp were recorded. In mid-July (the end 
of their active period), the lizards were recaptured, the 
radio-transmitters were removed, and the lizards were 
released at their location of capture to allow estivation 
for the remainder of the summer. 


Body Temperature (T,) 


The body temperature (T,,) of each lizard was continually 
recorded (every ~5—10 minutes) as the temperature of 
the radio-collar via relay to a Telonics TR-5 receiver 
with a data acquisition system (Telonics Option 320) 
and ~3-m tall omni antenna (Telonics model RA-6B). 
The transmitters record surface temperature and not 
core T,, so the recorded temperatures will change more 
rapidly upon exposure to solar radiation than they would 
using surgically implanted transmitters. We programmed 
the system to log the interpulse intervals for each 
radio-transmitter about every 10 minutes, and used the 
manufacturer-provided calibration equations to convert 
interpulse intervals to surface T,. 


Characterizing the Thermal Habitat: Air Temperature 
and Physical Models 


The thermal habitat at the shrubbed site was characterized 
in 2018 using two methods: air temperatures and the 
temperatures of physical models. First, mean hourly data 
were downloaded from the RAWS weather station at 
Cochora Ranch (station ID: CXXC1), 3.7 km due east of 
the shrubbed site, and used as a proxy for air temperature 
(T.,,.). Second, physical models were deployed from 1-19 
July 2018 (n = 6 in the sun, ” = 6 in the shade of Ephedra 
shrubs, and n = 6 in burrows) following the methods of 
Ivey et al. (2020). Briefly, the models consisted of 1 inch 
(2.5 cm) diameter copper pipes fitted with a Thermochron 
iButton (DS1921G-F5) that was programmed to record 
the temperature every 10 minutes. The pipes were filled 
with water and secured with PVC caps screwed onto the 
male copper ends. The total length of the model was 15.3 
cm. The models placed above ground were fitted with 
“legs” made from copper wiring to prop them onto one 
end, mimicking a basking lizard. The models placed in 
burrows did not have legs. 


Temperature-Based Activity Estimation (TBAE) 


First, the difference between T,, and T, was used to 
predict when a lizard was surface active or below ground. 
When lizards are above ground, their T, often exceeds T. 
as they bask in the sun, and this difference equals the 
“positive temperature differential.” Positive temperature 
differentials of 2, 4, 6, 8, 10, 12, and 14 °C were tested 
to determine which differential best predicted when the 
lizards were surface active. A solo researcher created a 
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spreadsheet with the T, of each lizard at each of its radio- 
telemetry observations along with data on its activity 
(above or below ground). The “IF THEN” function in 
Microsoft Excel was used to predict whether the animal 
was above or below ground based on the positive 
temperature differential. For example, if T, was above 
T,,, by 2 °C, then the lizard was predicted to be above 
ground; if not, it was predicted to be below ground. 
After making the predictions, the predicted and actual 
data were merged to examine how the various positive 
temperature differentials impacted the accuracy of the 
predictions. 

Next, the temperatures of the physical models were 
used to estimate microhabitat use and surface activity. 
We did not use T,, because we expected the temperatures 
of the physical models in the various microhabitats to be 
much more relevant to these variables (Dzialowski 2005). 
The average hourly temperatures of each physical model 
(sun, shade, burrow) during the active hours of G. sila 
(0700-1900 h) were plotted against each lizard’s T, on 
the same day, and a researcher blind to the lizard’s actual 
microhabitat predicted its microhabitat based on three 
criteria (modified from Davis et al. 2008). (1) Lizards were 
predicted to be in the open if their T, was equal to or higher 
than the temperature of the models in the open. (2) Lizards 
were predicted to be under shrubs if their T, was equal to or 
higher than the temperature halfway between those of the 
models in burrows and under shrubs, but lower than models 
in the open. (3) Lizards were predicted to be in burrows if 
their T, was lower than the temperature halfway between 
the models in burrows and under shrubs. The predictions 
of lizards in the open and under shrubs were combined 
to constitute total above-ground predicted activity, and 
the predictions of lizards in burrows constituted below- 
ground predicted activity. Next, the blind predictions were 
compared to the actual observations, and the proportions 
correctly predicted were calculated. A two-proportion 
Z-test in JMP (SAS Institute, Cary, North Carolina, USA, 
version Pro 14) was used to compare the efficacies of the 
two methods of TBAE (T,,, versus the physical models) for 
predicting above- and below-ground activity. 


Predicting Emergence Time 


In 2019, new sets of physical models were deployed (n = 
4 in the sun, = 4 in burrows) at both the shrubbed and 
shrubless sites. The data for G. sila T, and the physical 
model temperatures were used to predict the morning 
emergence time of lizards at each site. Each day from 23 
June to 14 July 2019, two lizards were randomly selected 
as focal animals. Before dawn, each of two researchers 
radio-tracked one focal animal and waited at least 4 m 
away from the lizard’s burrow with binoculars trained on 
the burrow entrance. The emergence time was recorded 
in two ways: (1) the time of day when the lizard’s head 
was first visible emerging from the burrow, and (2) the 
time of day when the lizard’s entire body and tail had 
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Fig. 1. Methodology used to predict morning emergence time 
of Gambelia sila. Emergence was predicted as the time of day 
immediately preceding a distinct upward slope in the lizard’s 
T, (triangles and dotted line) based on the assumption that it 
would take several minutes for the radio transmitter to heat 
in the sun. The rising T, was also typically associated with 
the departure from the burrow physical model temperatures 
(diamonds and long-dashed line) and the approach of the open 
(sun) physical model temperatures (squares and short-dashed 
line). In each case, the predicted time was then compared to the 
observed emergence time when the lizard’s head first appeared 
outside its burrow. The average difference between observed 
and predicted emergence times was 11 minutes and 37 seconds. 


emerged from the burrow. At the study sites, the June 
and July conditions are extremely hot and arid, and 
sometimes the lizards did not emerge from their burrows 
at all. If a lizard did not emerge by the time T., reached 
29.5 °C (since the optimum temperature for this species’ 
activity is from 25—35 °C; CDFW 2019), the observation 
was abandoned, and that lizard was not included as a data 
point. These observations took place at both the shrubbed 
(n = 10 lizards) and shrubless (” = 10 lizards) sites. Two 
lizards observed at the shrubbed site were too far from 
the receiver array for associated T, data to be collected, 
so the final sample for TBAE was 18 individual lizards 
(with no repeat observations). 

To predict emergence time using TBAE, a researcher 
blind to a lizard’s actual emergence time plotted the lizard’s 
T,, data and the lizard physical model temperatures from 
that site for the duration of an emergence observation, 
and then predicted the lizard’s emergence time as the time 
point immediately preceding a distinct increase in the 
slope of T, (Fig. 1). The predicted emergence times were 
then compared with the observed emergence times, and the 
absolute value of the difference in predicted and observed 
emergence times (for each emergence criterion, 1.e., head 
and entire body) was calculated. This value (in minutes) 
represents how close the predicted emergence time was 
to the actual emergence time. Observed emergence times 
(minutes after sunrise) of all lizards observed (n = 20, 
head only and full body) were compared between the 
shrubbed and shrubless sites using a Student’s f-test, and 
all data were normally distributed and had homogenous 
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Fig. 2. Proportions of correct predictions using air temperature 
to predict surface activity versus below-ground refuge use of 
Gambelia sila. This method resulted in accurate predictions 
64—76% of the time among the various temperature differentials 
shown on the x-axis. Predictions were maximized (76% 
correct) using the criterion that lizards are above ground when 
their body temperatures (T,) are at least 6 °C above the air 
temperature (T,, ). 


variances. The sample size for head emergence was 20 
and for full emergence it was 18 (since two lizards failed 
to fully emerge from their burrows after 1 h). 


Results 
Temperature Based Activity Estimation (TBAE) 


The proportions of observations of G. sila correctly 
predicted to be above ground based on the criteria that 
T, is at least X °C (where X = 2, 4, 6, 8, 10, 12, or 14 °C) 
above T., ranged from 0.64 (for 2 °C) to 0.76 (for 6 °C). 
Thus, surface versus below-ground activity was correctly 
predicted 76% of the time when using the criterion that 
the lizards are above ground if T, exceeds T,, by at least 
6 °C (Fig. 2), and so a 6 °C differential was used in the 
subsequent analysis of the efficacy of TBAE based on air 
temperature for predicting surface activity. 

In using TBAE to predict surface activity versus 
burrow occupancy, the calculation based on T,,, (75.7% 
correct overall) was superior to the calculation based on 
the physical models (60.5% correct overall, Z = 3.43, p= 
0.0003; Fig. 3). There was no a significant difference in 
the accuracy of above-ground predictions using the two 
methods, as observations predicted to be above ground 
were correct about 93% of the time for both methods (Z 
< 0.001, p = 1.00). A significant difference was evident 
in the proportions of successful predictions for below- 
ground observations, with T,, (62% correct) significantly 
outperforming physical models (51% correct, Z = 1.78, 
Pp = 0.037). Predicting activity based on the physical 
models overestimated the time above ground specifically 
by misidentifying many lizards as being in the open when 
they were actually in burrows. 

Of the 147 radio-telemetry fixes in 2018, 114 (77.6%) 
were in burrows, 19 (12.9%) were under shrubs, and 14 
(9.5%) were in the open in the sun. Figure 4 shows the 
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Fig. 3. Temperature-based activity estimation resulted in 
accurate prediction of above-ground activity by Gambelia sila 
more often than accurate prediction of below-ground (burrow) 
occupation. Using air temperature (T.,,) was superior to using 
physical model temperatures when predicting below-ground 
occupation. For both methods, ~93% of observations predicted 
to be above ground were correct, whereas 62% (using T,,.) and 
51% (using physical models) were correct for below-ground 
predictions. 


relative success of predicting microhabitat use based on 
the physical model data. When lizards were observed in a 
given microhabitat, TBAE correctly predicted they were 
in that habitat with varying accuracy (79% correct when 
in the open, 47% when under shrubs, and 51% when 
inside burrows). 


Predicting Emergence Time 


In summer 2019, lizards began emerging (head out of 
burrow) at about 0745 h (with no difference between 
shrubbed and shrubless sites in emergence time as 
minutes after sunrise: t,, = 1.28, p = 0.22), and were fully 
emerged (body and tail out of burrow) by about 0813 h 
(lizards at the shrubless site tended to emerge later than 
lizards at the shrubbed site: t,, = 2.11, p = 0.05, Fig. 5). 
The difference between the predicted emergence and 
observed emergence (head out of burrow) was 11:37 
+ 01:57 (min:sec). Of the 18 observations, eight were 
underestimations of predicted emergence time and 
10 were overestimations. The difference between the 
predicted emergence and observed full emergence was 
27:00 + 02:31 (min:sec). Of the 18 observations, all 
predictions underestimated the time of the full emergence 
of the lizards. 


Discussion 
The Use of TBAE 


A central goal of radio-telemetry monitoring studies 
is to quantify surface activity and microhabitat use 
in sensitive species like G. sila (e.g., Westphal et al. 
2018), and determine how they are impacted by abiotic 
conditions such as weather and biotic variables such as 
prey abundance, predator behavior, and others (Germano 
and Williams 2005). Here we have shown that TBAE 
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Fig. 4. Proportions of correctly predicted observations of 
microhabitat use of Gambelia sila using temperature-based 
activity estimation based on physical model temperatures. 
Lizard microhabitat use was predicted correctly most often 
when they were in the open, but overall microhabitat use 
was not accurately predicted with TBAE in this heliothermic 
lizard. 
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Fig. 5. Gambelia sila emergence times (minutes after sunrise) 
at two field sites (shrubless and shrubbed). Initial emergence 
(head out of burrow) time did not differ between shrubbed 
and shrubless sites, while lizards at the shrubbed site tended 
to fully emerge (whole body and tail) earlier than lizards at 
the shrubless site. 


correctly estimates surface activity 93% of the time for 
G. sila, a value very similar to the 96% accuracy rate 
obtained for TBAE of the Gila Monster by Davis et al. 
(2008). Both G. sila and the Gila Monster are active 
foragers, so they are likely to be exposed to a range of 
environmental temperatures as they forage, which can 
alter their T, enough in comparison to their underground 
refugia to facilitate TBAE. Furthermore, since G. sila 
are heliothermic lizards, and because we used external 
radio-transmitters, their exposure to solar radiation 
should further help distinguish their surface-active T, 
from their T, when inside burrows (Stevenson 1985; 
Xiang et al. 1996). In contrast, TBAE failed to predict 
surface activity as accurately in an ambush-foraging 
rattlesnake (66% accuracy, Davis et al. 2008) because its 
body temperature in the shade of its ambush site was not 
sufficiently distinguishable from its body temperature 
inside a refugium. Therefore, TBAE is a potentially 
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valuable method for researchers interested in estimating 
surface activity of actively foraging species that are 
expected to be exposed to relatively high temperature 
variations in their environment. 

The value of TBAE lies in its use of T, data that are 
collected by an automated system, and therefore it does 
not require direct researcher sampling. In other words, 
researchers could deploy radio-transmitters on lizards to 
radio-track them as needed for the goals of a particular 
study, but allow TBAE to collect the data necessary 
for estimating surface activity. This could significantly 
save on time and resources by reducing personnel 
investment in radio-telemetry. An alternate method for 
collecting data on animal surface activity uses light level 
geolocators, which record the intensity of blue light 
(Wilmers et al. 2015) primarily as a means of tracking 
migration in birds (Lisovski et al. 2019), but they can also 
be externally attached to lizards (Refsnider et al. 2018) or 
other terrestrial wildlife to log diel exposure to light. The 
choice between TBAE and light level geolocators will 
depend on the goals and budget of the study, the secrecy 
and recapture rate of individuals of the species under 
investigation, and other factors. One advantage of TBAE 
over light level geolocators is that T, data are collected 
continually by an automated receiver in TBAE, whereas 
geolocator tags must be retrieved from the animals 
so the data can be downloaded (Lisovski et al. 2019). 
Thus, any animals lost (e.g., to predation) represent 
lost data. Furthermore, in most studies on rare species 
such as G. sila, researchers would probably already be 
using radio-telemetry to facilitate repeated observations 
of known individuals, so it would generally be simpler 
and far less expensive to choose temperature-sensitive 
radio-telemetry over light level geolocators. On the other 
hand, light level geolocators would work very well for 
recording surface activity in systems where they could 
be feasibly attached to a large sample of animals with a 
high recapture rate. 

In this study, TBAE was not as accurate when 
predicting below-ground activity. This limitation 
was primarily because TBAE misidentified certain 
observations as being “in the open” when the lizards 
were actually in burrows. Heliothermic lizards like G. 
sila maintain their T, within a narrow range, typically 
within or near their laboratory-measured preferred T, 
range, by shuttling between sun and shade (Lortie et al. 
2015; Westphal et al. 2018; Germano 2019; Ivey et al. 
2020). When a lizard moves from the sun into a burrow, 
its measured T, could remain more than 6 °C above T.,. 
or the physical model temperature for a short period of 
time; so, if such a lizard is tracked within that period of 
time, then TBAE would incorrectly assign it as being 
above ground. TBAE correctly predicted below-ground 
activity 62% of the time when using T,, and 51% of the 
time when using the physical models. 

We had expected that the physical models would 
be more accurate than T, because the models were in 
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the exact same field sites and mimic the size and shape 
of lizards to facilitate realistic heat exchange with the 
environment, whereas T, data merely represent the air 
temperatures from a nearby weather station. The fact that 
T,,, was a better estimate could be the result of several 
factors. First, predictions made using T,,, have only two 
possible categories: above or below ground. In contrast, 
predictions made using physical model temperatures 
have three categories (open, shrub, and burrow), with 
open and shrub predictions then combined into above- 
ground predictions. In the latter case, predicting “shrub” 
use for a lizard that was actually underground because 
its temperature was intermediate between the two other 
options could result in overprediction of above-ground 
activity; whereas if the only options were assigning it 
to above or below ground, it may have been accurately 
assigned as below ground. In other words, if only above 
or below ground categories had been assigned using 
physical models like for T,,, then the two methods 
may have provided more comparable predictions. 
Alternatively, the lower accuracy of the physical 
models may reflect model design and radio-transmitter 
construction. Our radio-transmitters were on collars and 
therefore measured external temperature, not the deep T, 
of the lizards, so the temperatures should change rapidly 
upon exposure to the sun. In contrast, our physical 
models were constructed with internal data loggers 
immersed in water, which would introduce a lag time for 
temperature changes due to high thermal inertia (Porter 
and Gates 1969). Additionally, the Giant Kangaroo Rat 
burrows used by the lizards are complicated in terms 
of depth, chamber size, and soil type, likely creating a 
labyrinth of thermal heterogeneity underground (Kay and 
Whitford 1978), and that heterogeneity is not captured 
by our physical models placed 1 m inside the burrows. 
The superior performance of T,, is good news because it 
means that researchers can simply download data from a 
nearby weather station rather than constructing physical 
models, and T, data collected from a mini weather 
station deployed at the actual field site could provide 
even more accurate data. In summary, TBAE using T,,. 
as a reference is a highly accurate means of estimating 
surface activity, but its ability to predict when lizards are 
underground during daytime hours is more limited. 


Microhabitat Use Predictions 


To predict microhabitat use (burrow, shade, or open), 
TBAE using physical models accurately predicted 79% 
of the observations when the lizard was in the open (sun), 
47% of the observations in the shade, and 51% of the 
observations inside the burrows. Of the observations for 
G. sila in the open, 100% of all predictions were above 
ground (79% correctly predicted as in the sun and 21% 
incorrectly predicted as under the shade of a shrub) and 
in no case was a lizard predicted to be underground. 
The accuracy of predictions for shade and burrows were 
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lower, probably for several reasons. First, as described 
above, G. sila shuttle among these three microhabitats 
regularly (Ivey et al. 2020), and an animal’s temperature 
at a given radio-telemetry fix could be impacted by the 
microhabitat it occupied shortly before being observed. 
Second, the temperatures of the physical models in the 
shade and in burrows are necessarily more similar to 
each other than either is to the temperature of models 
in the open that are exposed to solar radiation, so errors 
in assigning shade or burrow microhabitat in TBAE 
are expected (Fig. 4). Our results suggest that accurate 
records of microhabitat use of heliothermic animals like 
G. sila require in-person radio-telemetry, as TBAE does 
not provide sufficiently accurate predictions. 

The beginning of lizard emergence in the morning was 
predictable to within roughly 11 minutes, which supports 
the utility of TBAE as a means of remotely collecting 
data on the timing of morning emergence. Lizards at 
the shrubbed and shrubless sites began to emerge at 
approximately the same time, and lizards at the shrubbed 
site fully emerged slightly earlier in the day than lizards 
at the shrubless site. In the absence of shade-providing 
plants, lizards at the shrubless site may be more reliant 
on the protection offered by their overnight burrows than 
lizards at the shrubbed site, which can take advantage of 
shrubs for thermoregulation and protection from avian 
predators (Ivey et al. 2020). Lizards began emerging 
from burrows at about 0745 h and were fully emerged 
by 0830 h. These times agree with those reported by 
Germano (2019), who compiled data on the times at 
which lizards are active throughout the active season. 
These data are informative for practical use by managers; 
for example, California Department of Fish and Wildlife 
recently revised its guidelines for G. sila protocols based 
on these emergence times (CDFW 2019). As midday 
temperatures increase due to climate change, lizards may 
begin to emerge earlier in the morning, retreat to burrows 
earlier in the afternoon, and rely more heavily on plants 
for shade (Germano 2019), which could potentially 
buffer G. sila from experiencing the rising temperatures. 
Conducting TBAE annually would allow the testing of 
this prediction with reliability and with less effort than 
that required to radio-track lizards at dawn each day. 

While animals must and should still be radio-tracked 
to obtain data relevant to the particular question being 
asked in a study and to validate TBAE and further 
delineate its limitations (as we have done here), adding 
TBAE to a radio-telemetry project could substantially 
improve inferences about animal activity patterns and 
microhabitat use while minimizing researcher effort and 
expense. For example, researchers could radio-track 
every other day or every third day, rather than the 2—3 
times per day that is typical in studies of G. sila. To gain 
further insight into how abiotic factors like ambient 
temperature impact our ability to remotely predict 
activity and microhabitat use, TBAE in G. sila should 
be evaluated over the course of the season over multiple 


Amphib. Reptile Conserv. 


31 


years. We urge researchers to consider how adopting 
TBAE might augment their studies. TBAE has been 
used for a variety of applications ranging from studying 
maternal thermoregulation (Stahlschmidt et al. 2012) 
to examining usage of artificial refugia versus natural 
refugia in sympatric species (Lelievre et al. 2010). TBAE 
can reduce the stress that endangered species experience 
by limiting their interactions with researchers in the field. 
Harnessing the power of temperature to predict animal 
activity has proven to be a useful resource to augment 
surveys and radio-telemetry studies, and it will assist 
managers and researchers in determining how to improve 
protocols for surveying and studying these species 1n the 
future, while minimizing the stress imposed on these 
sensitive species. 
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Abstract.—The fauna of the Central Congolian Lowland Forests ecoregion in the Democratic Republic of the 
Congo is poorly known due to the region’s remoteness and limited accessibility. An amphibian survey was 
conducted in Kokolopori, including the Kokolopori Bonobo Nature Reserve, to fill this gap in our knowledge 
of its amphibians. All major habitat types were surveyed using visual and acoustic encounter surveys, pitfall 
and funnel trapping, and active searching during four field sessions, totaling 48 days. A total of 37 species of 
anuran amphibians were recorded, while caecilians were unknown to the local human population based on 
the photographs presented. Incidence-based species richness statistics estimated 37-41 amphibian species, 
indicating that our survey was probably nearly complete, but we assume that some rare species or species 
with secretive behaviors have probably remained overlooked. Approximately 75-80% of the total number of 
species were recorded during each of the two-week portions of the fieldwork, suggesting that two weeks of 
intensive surveys may have good potential for amphibian inventories in Afrotropical forests. The relatively 
low number of species for this equatorial rainforest is probably a consequence of its climatic history, with the 
central Congo being at a certain level of drought during the Pleistocene glaciations. The amphibian fauna is 
mainly represented by forest species that inhabit the lowland forests of Central Africa. Species restricted to 
intact primary forests or more euryecious species of forested ecozones were recorded. Several representatives 
of genus Arthroleptis could not be assigned to any of the described species, and probably represent species 
new to science. Representatives of some other genera (Leptopelis, Sclerophrys) resembled species known 
from western Central Africa, but morphological differences suggested that they probably also represent new 
species. The taxonomic status of Arthroleptis procterae De Witte, 1921 and Hyperolius boulengeri Laurent, 
1943 are revised. Range extensions were found for several taxa, including those known only from the original 
descriptions. The lack of ubiquitous synanthropic toad species of genus Sclerophrys can probably be 
attributed to the well-preserved Kokolopori forests and only narrow corridors of disturbed habitat (small paths) 
leading into the area. Interestingly, some degree of biofluorescence was recorded in Hyperolius phantasticus 
boulengeri, which to our knowledge is the first documented case in an African anuran. Despite the relatively low 
species richness, our results suggest that the Central Congolian Lowland Forests ecoregion harbors a unique 
and partially endemic amphibian fauna that is to some degree differentiated from the anuran fauna to the north, 
east, and west of the wide arc of the Congo River. Therefore, this survey underscores the need to protect the 
central Congolian rainforests as a source of unique biodiversity, and the community-based Kokolopori Bonobo 
Nature Reserve serves as a good example. 


Résumé.—La faune de l’écorégion des foréts de basse altitude du Centre du Congo, en République démocratique 
du Congo, est mal connue en raison de Il’eloignement de la région et de son accés difficile. Un inventaire sur 
les amphibiens a ete menée a Kokolopori, y compris dans la Réserve Naturelle de Bonobo de Kokolopori, 
pour combler cette lacune dans la connaissance des amphibiens. Tous les principaux types d’habitats ont ete 
éechantillonnes a l’aide d’enquétes visuelles et acoustiques, de pieges a fosse et a entonnoir, et de recherches 
actives au cours de quatre sessions de terrain totalisant 48 jours. Un total de 37 especes d’amphibiens 
d’Anoures a ete enregistre, tandis que les Gymnophiones (cécilies) étaient inconnus de la population locale 
sur la base des photographies presenteées. Les statistiques sur la richesse en espéces basées sur l’incidence 
ont estimé que 37-41 espéces d’amphibiens, indiquant que notre inventaire etait probablement presque 
complet, mais nous supposons que certaines espéces rares ou des especes au comportement secret n’ont 
pas ete recoltées. Nous avons pu enregistrer environ 75-80% du nombre total d’espéces au cours de chacune 
des deux semaines de travail sur le terrain, ce qui Ssuggére que deux semaines d’inventaire intensifs peuvent 
avoir un bon potentiel pour les inventaires d’amphibiens dans les foréts afrotropicales. Le nombre relativement 
faible d’especes pour la forét equatoriale humide est probablement une conséquence de histoire climatique, 
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le Centre Congo ayant été plus ou moins sec pendant les glaciations du Pléistocene. La faune amphibienne 
est principalement représentée par des especes forestieres qui habitent les foréts de basse altitude d’Afrique 
centrale. Des espéces limitées aux foréts primaires intactes ou des espeéces plus euryéciques des écozones 
forestieres ont été enregistrees. Plusieurs repréesentants du genre Arthroleptis n’ont pas pu étre assignés aux 
especes deécrites et representent probablement des especes nouvelles pour la science. Les representants 
de certains autres genres (Leptopelis, Sclerophrys) ressemblaient a des espéces connues de l’ouest de 
’Afrique centrale, mais les differences morphologiques suggéraient qu’ils repréesentaient probablement 
aussi de nouvelles espéces. Le statut taxonomique d’Arthroleptis procterae De Witte, 1921 et d’Hyperolius 
boulengeri Laurent, 1943 est revise. Des extensions d’aire de distribution ont ete observées pour plusieurs 
taxons, y compris ceux connus uniquement par les descriptions originales. L’absence d’espeéces de crapauds 
synanthropiques omniprésentes du genre Sclerophrys peut probablement étre attribuee aux foréts bien 
préservées de Kokolopori et au fait que seuls d’étroits corridors d’habitats perturbes (petits chemins) menent 
a la zone. Il est interessant de noter qu’un certain degré de biofluorescence a eté enregistrée chez Hyperolius 
phantasticus boulengeri, ce qui, a notre connaissance, est le premier cas documente chez un Anoure africain. 
Malgré la richesse relativement faible en especes, nos resultats suggérent que l’ecorégion des foréts de 
basse altitude du Centre du Congo abrite une faune d’amphibiens unique et partiellement endémique, qui se 
differencie dans une certaine mesure de la faune d’Anoures au nord, a l’est et a l’ouest de l’arc large du fleuve 
Congo. Nous attirons donc Il’attention sur la néecessite de proteger les foréts tropicales humides du Centre du 
Congo en tant que source de biodiversite unique. La Réserve Naturelle de Bonobo de Kokolopori, une réserve 
communautaire, peut étre un bon exemple. 


Keywords. Africa, Anura, biodiversity, checklist, Congo Basin, faunistics, frogs, herpetofauna, rainforest, species 
richness 
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Introduction 


The Congo Basin harbors the world’s second-largest 
tropical rainforest, which is divided into several 
ecoregions. The Central Congolian Lowland Forests 
ecoregion is distributed south of the wide arc of the Congo 
River (left bank) to approximately 3-4°S (Burgess et al. 
2004; Dinerstein et al. 2017; Van de Perre et al. 2019). 
The river forms a potential distribution barrier to many 
species, isolating them along its northern, eastern, and 
western limits (Flugel et al. 2015). This extensive area of 
rainforest is deficient in data for the majority of biota, but 
was predicted as a potential area of high species richness 
(Burgess et al. 2004). The forests are characterized as 
tropical moist terra firma broadleaf forest with little 
seasonality and high humidity. Riverine forests along 
major watercourses are periodically or permanently 
flooded, and categorized as a separate ecoregion, the 
Eastern Congolian Swamp Forests (Burgess et al. 2004; 
Dinerstein et al. 2017). 

Kokolopori is a region in the Djolu territory of 
Tshuapa Province in the Democratic Republic of the 
Congo (DRC), internationally renowned especially for 
the Kokolopori Bonobo Nature Reserve (referred to 
hereafter as “Kokolopori Reserve” for brevity; name in 
French: Réserve Naturelle de Bonobo de Kokolopori, 
abbreviated RNBK). The Kokolopori Reserve, covering 
an area of approximately 4,880 km? and consisting 
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mainly of lowland rainforest, was established in 2009 
as a community-based nature reserve with the primary 
aim of protecting the vital population of Bonobos (Pan 
paniscus) (Almquist et al. 2010; Surbeck et al. 2017). 
Following discussions with local communities, the 
reserve is presently receiving a new delineation that is 
targeting mostly areas of primary forests and avoiding 
rural complexes. However, the new delineation has not 
yet been formalized (A.L. Lokasola 2020, pers. comm. ). 

The amphibian fauna of the Kokolopori Reserve is 
poorly known. Unfortunately, this is a common situation 
throughout the country, and especially in the remote 
and difficult-to-access central areas south of the Congo 
River. The road network in the area is sparse and of poor 
quality. In addition to the low-quality infrastructure, 
poor governance, an insufficient understanding of 
the importance of research by the local population, 
and difficulties with some local authorities regarding 
research permissions make field research in central DRC 
difficult. As a result, only limited zoological research 
has been carried out in the central Congo Basin in recent 
decades, mostly focusing on iconic large mammals and 
birds such as Bonobo, Okapi (Okapia johnstoni), or the 
Congo Peafowl (Afropavo congensis) (e.g., Mulotwa 
et al. 2010; Stanton et al. 2016; Van Krunkelsven et 
al. 2010). Even a large cercopithecine monkey, the 
Lesula (Cercopithecus lomamiensis), was only recently 
discovered and described from the central Congo Basin 
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(Hart et al. 2012), indicating the remoteness of the 
region and limited knowledge of its biodiversity. Very 
few studies have focused on the herpetofauna, with the 
(central) Congo Basin being referred to as a ‘blind spot 
in herpetology’ (Kielgast and Lotters 2011). Similarly, 
Tolley et al. (2016) and Greenbaum (2017) pointed out 
the lack of data on herpetofauna across large parts of the 
Congo Basin. 

Some fieldwork providing data for taxonomic, 
faunistic, or conservation studies has targeted amphibians 
and reptiles in various localities that are relatively distant 
from the study area of this article. These include areas 
from the Sankuru region (Laurent 1973, 1976a, 1979), 
the vicinity of Salonga National Park (Schick et al. 
2010), and other areas in the central Congo Basin (e.g., 
Chifundera Kusamba 2019; Chifundera Kusamba et al. 
2014; Greenbaum et al. 2014; Gvozdik and Chifundera 
Kusamba 2014; Hirschfeld et al. 2015; Kielgast et al. 
2014). Two herpetological surveys have been reported 
from the Lokutu area on the southern bank of the Congo 
River, relatively near (approximately 120 km) our study 
area. The first recorded 21 species of amphibians and 16 
species of reptiles (Penner and Rédel 2007), while the 
other resulted mainly in lists of expected species (only 
two species of amphibians and three species of reptiles 
were recorded during the week-long survey), but was 
marked by apparent errors—including species that are 
not expected in the Lokutu area (O’Connor 2015). The 
Kokolopori Reserve was first surveyed for amphibians 
by herpetologist Arne Schiotz in 2005. However, this 
specialist focused mainly on the genus HAyperolius 
(Schiotz 2006) and his time-limited survey targeted only 
disturbed habitats at forest edges and farmbush around 
villages. A second herpetological survey of this large 
reserve focusing on the lizard fauna recorded 20 lizard 
species in the wider reserve area, the Maringa-Lopori- 
Wamba landscape (Lokasola et al. 2017). Recently, a case 
of predation on the reed frog Hyperolius phantasticus 
by a spider of the genus Ni/us was reported from the 
reserve (Badjedjea et al. 2019). However, an overview 
of the amphibians of the Kokolopori Reserve is not yet 
available. 

In this study, we report on the amphibians found 
during four herpetological surveys conducted in the 
Kokolopori Bonobo Nature Reserve and adjacent areas 
in different seasons during 2018—2020, thus providing a 
basis for further studies of the amphibian fauna of the 
Central Congolian Lowland Forests. 


Materials and Methods 
Study Site 
Kokolopori (Fig. 1) is a community region in the source 


area of two large rivers, Lopori in the north and Luo (= 
Maringa) in the south, located in the northeastern part of 
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the Tshuapa Province, DRC. Kokolopori means ‘source 
of Lopori’ in the local Longando language. It is a hilly 
area with an elevation of approximately 400-500 m (with 
the highest hills around 580 m), with many small streams, 
often in valleys with steep slopes. The region is largely 
covered by lowland rainforest of the central Congolian 
type (Burgess et al. 2004; Dinerstein et al. 2017). A 
substantial proportion of the forest 1s primary dense moist 
forest, with areas around rural complexes characterized 
as old or young secondary forests (Vancutsem et al. 
2009). A large area is designated as the Kokolopori 
Bonobo Nature Reserve and, together with two other 
neighboring reserves (Luo Scientific Reserve, Iyondji 
Bonobo Community Reserve), most of the regional 
forests are formally protected. However, agricultural 
and hunting pressures persist from the local human 
population. The region 1s characterized by a relatively 
constant humid tropical climate (rainfall present year- 
round), with some oscillations in the dry (December— 
February and June-August) and wet (March—May and 
September-—November) seasons. 

The numerous sites sampled throughout the survey 
period can be grouped into four broader areas (Fig. 1), 
which are named after the villages where staff of the 
reserve established base camps: Yetee (0.40°N, 22.93°E, 
span ~20 km), Yotemankele (0.30°N, 22.96°E, span ~7 
km), Yalokole (0.22°N, 22.89°E, span ~25 km), and 
after the camp site in the forest at Bechuchuu (0.48°N, 
23.13°E, span ~4 km). Yalokole is located near the Luo 
River, Bechuchuu is near the Lopori River (border with 
Tshopo Province), and Yetee and Yotemankele are in 
between the two rivers. Many small villages are present 
in Kokolopori, but only the names of these four areas 
are used for simplicity. All four areas are characterized 
by a variety of habitats; however, primary rainforests 
were surveyed mainly in Yalokole and Bechuchuu near 
the Luo and Lopori rivers, respectively. The habitats 
surveyed (Fig. 2) included pristine primary forests with 
dense canopy cover, old and young secondary forests, 
small and medium-sized streams in both forested and 
rural areas, banks and flooded forests of the Luo and 
Lopori rivers, and swamps and farmbush in open rural 
areas. We noted the presence of small-scale gold mining 
(without the use of mercury) in all four areas surveyed, 
with the densest being in Bechuchuu. The pools created 
by mining activities were also surveyed, as they represent 
an important breeding habitat for some frogs. 


Data Acquisition and Processing 


Field surveys were conducted in four missions in both 
the wet (May 2018, November 2018) and dry (August 
2019, July 2020) seasons. Most of the field surveys 
were centered around Yalokole. The last survey (July 
2020) focused only on Bechuchuu, the site which had 
been surveyed only marginally during the previous 
three missions. Surveys were conducted for 15 days 
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Fig. 1. Map of the study site. (A) Democratic Republic of the Congo (DRC), Congo Basin (red line) with the Congo River 
(blue line), and Kokolopori (yellow rectangle). Vegetation types follow Vancutsem et al. (2009): greenish tones correspond to 
forests, brownish tones to open areas; within Kokolopori (inset in left corner), dark green corresponds to primary dense moist 
forests, lighter green to old and young secondary forests, and yellow-white to rural and agricultural complexes. (B) Kokolopori 
Bonobo Nature Reserve (yellow line) as delineated in 2009 on a satellite map corresponding to 2005—2010 (FACET 2010), with 
collecting sites (red dots). White stars denote four sampling areas (base camps). Kokolopori is a spring area of two large rivers, 
Lopori and Luo (= Maringa). 
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Fig. 2. Habitats of Kokolopori. (A) Rural complexes are common along pathways (e.g., habitat of Ptychadena sp. aff. mascareniensis 
when puddles are formed after rains). (B) Herbaceous habitat and shrubs along a small stream in disturbed forest (e.g., Hyperolius 
phantasticus boulengeri, Congolius robustus, Leptopelis ocellatus schiotzi, and Ptychadena perreti). (C) Disturbed primary forest 
(e.g., Arthroleptis phrynoides, and A. tuberosus procterae). (D) Small stream in primary dense moist forest (e.g., Ptychadena 
aequiplicata, Sclerophrys cf. funerea, and S. sp. aff. camerunensis 2). (E) Primary forest along the Luo (= Maringa) River. (F) 
Flooded forest near the Luo River (e.g., Aubria masako, Hymenochirus cf. boettgeri, and Xenopus pygmaeus). (G—H) Bonobo (Pan 
paniscus), the umbrella species of the Kokolopori Bonobo Nature Reserve facilitating the conservation of the whole ecosystem. 
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per mission, with the exception of the last survey (three 
days), by two experienced herpetologists (G.B. and either 
F.M.M. or V.G.) plus two to four local guides. Amphibians 
were detected during nocturnal and, to a limited extent, 
diurnal visual and acoustic encounter surveys, as well as 
active searches under logs and stones, or in holes, and 
in both natural and artificial pools. All specimens were 
hand-captured, except for the tadpoles and pipid frogs 
which were collected either by dip netting and dredging 
in pools and streams, or by funnel traps. In May 2018, 
three lines of pitfall traps were installed in the primary 
and secondary forests around Yalokole. The pitfall traps 
were deployed on 100 m long transects consisting of 20 
traps placed at 5 m intervals (Nicolas et al. 2003). Plastic 
buckets (10 L) were buried in the ground, with their upper 
edges divided in half by a drift-fence barrier (consisting 
of side-by-side pieces of tarpaulin, cut evenly to a height 
of 50 cm) passing through their center. At each end of 
the line, there was a 2.5 m extension of the fence from 
each end bucket. The pitfall traps were left in place for 15 
days and were checked three times per day. Photographs 
of African caecilians were presented to the local people 
to ascertain whether they might be present. At night, we 
also investigated the possible fluorescence emission of 
anurans using a handheld UV-flashlight (LED, Esco Lite 
51 UV Black Light) with a peak wavelength range of 
395—400 nm. 

All geographic locations were recorded with a 
handheld GPS device. Individuals were photographed 
either in situ, or later arranged usually on leaves, and 
in standard positions with a scale and tag. Vouchered 
specimens were fixed in 4—10% formalin or 96% ethanol, 
and later stored in 70-75% ethanol. Tissue samples were 
preserved in 96% ethanol. Specimens are deposited in the 
herpetological collections of the Biodiversity Monitoring 
Center (Centre de Surveillance de la Buiodiversité; 
CSB:Herp); University of Kisangani, DRC (field series 
RNBK); National Museum, Department of Zoology, 
Prague, Czech Republic (NMP-P6V); and the Institute 
of Vertebrate Biology of the Czech Academy of Sciences 
([VB-H), Research Facility Studenec, Brno, Czech 
Republic (field series CD—and this material will later be 
transferred to NMP-P6V). 

There is currently no key to species identification for 
the central Congolian herpetofauna. Therefore, species 
identifications were based on comparisons to other 
reference specimens from DRC and other Central African 
countries (Cameroon, Central African Republic, Congo 
Republic, and Gabon), and to type specimens deposited 
in the Royal Museum for Central Africa, Tervuren 
(Belgium, RMCA); National Museum of Natural 
History, Paris (France, MNHN); American Museum of 
Natural History, New York (USA, AMNH); Museum of 
Comparative Zoology, Harvard University, Cambridge, 
Massachusetts (USA, MCZ); Natural History Museum, 
Berlin (Germany, ZMB); and Natural History Museum, 
London (UK, BMNH). The first taxonomic orientation 


Amphib. Reptile Conserv. 


was based on the key for Gabon and Mbini (Frétey et 
al. 2011) and two treefrog books (Amiet 2012; Schietz 
1999), and the identification of Hyperolius was critically 
compared with Schigtz (2006). Where the available 
literature suggests that a particular taxon represents 
a Species complex or the taxonomy is unclear, we use 
the term confer (cf.) in our identifications. Similarly, 
where we assume that the taxon under discussion is 
likely to represent a previously undescribed species 
similar to a known one, we use the term species affinis 
(sp. aff.). Where appropriate, we also assign subspecies 
identifications to assess morphological and genetic 
(unpublished data) differences. Genetic data will be 
published in separate taxonomic studies in the future. 
We anticipate that where subspecies identifications are 
applied, these taxa may later be elevated to full species 
after targeted taxonomic revisions. For now, however, 
we prefer to remain conservative and use subspecies 
names in accordance with recent recommendations by 
Hillis (2019, 2020) and de Queiroz (2020). Those authors 
have concluded that the subspecies category 1s useful for 
distinguishing geographic races and naming geographic 
variations whenever such distinctions are important or 
practical. Since the amphibian fauna of the central Congo 
Basin shows some differences from the fauna of the rest 
of Central Africa, we consider it practical to distinguish 
these taxa at least at the subspecies level in this article. 

Species richness was assessed as species accumulation 
curves based on the cumulative number of species 
observed and using incidence-based statistical estimates 
with 100 randomizations in EstimateS software (Colwell 
2013; Colwell and Elsensohn 2014). Analyses were 
conducted for each of three 15-day missions, 1.e., two 
surveys during the wet season (May 2018, November 
2018) and one during the dry season (August 2019), and 
for a cumulative survey covering a total of 48 days. The 
values of several estimators were compared (Table 1): 
first-order Jackknife (Jackknife 1; Burnham and Overton 
1978, 1979), Chao 2 with bias correction (Chao 1987), 
Incidence Coverage-based Estimator (ICE; Chao et 
al. 1992: Chazdon et al. 1998), and Bootstrap richness 
estimator (Smith and van Belle 1984). Two estimators 
were plotted, Jackknife 1 and Chao 2, and they have been 
rated as generally performing well (e.g., Basualdo 2011; 
Williams et al. 2007) (Fig. 3). 


Results 


A total of 37 species of anuran amphibians from nine 
families and 16 genera were recorded (Table 2). According 
to the photographs presented to the local inhabitants, they 
did not recognize caecilians, suggesting that this group 
of amphibians is absent from Kokolopori. The most 
frequently encountered taxa were the scansorial (arboreal) 
Leptopelis ocellatus schiotzi(Arthroleptidae; encountered 
on 33 of 48 survey days), Amnirana cf. albolabris 
(Ranidae; 31), Congolius robustus (Hyperoliidae; 28), 
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Table 1. Species richness of amphibians in Kokolopori, observed and estimated using four statistical estimators: first-order 
Jackknife, Chao 2 with bias correction, Incidence Coverage-based Estimator (ICE), and Bootstrap richness estimator. Means, 
standard deviations, and 95% confidence intervals (Chao 2) are reported. Cumulative results are in bold. 


Number Number of species estimated 
of species 
Field session Days observed Jackknife 1 Chao 2 ICE Bootstrap 
Wet season | 15 31 42.2+2.8 39.8 +68 46.2+3.1 36.1 + 1.0 
(33.3-64.7) 
Wet season 2 15 30 38.4 + 3.0 36.7+6.1 37.04+2.4 33.9412 
(31.5-60.4) 
Dry season 15 27 32.6419 29.3 42.7 30.5+41.4 29.8 +0.7 
(27.4—41.4) 
Cumulative 48 37 39.0 + 2.0 37.2 + 0.6 37.6 + 0.6 38.5 + 0.6 
(37.0—-41.0) 
and Hyperolius phantasticus (Hyperoliidae, 24). In terms Species Accounts 


of abundance, the most abundant species on average was 
H. phantasticus, which was commonly found in the wet 
season. However, its abundance was not so evident in the 
dry season. The overall composition of the most frequently 
encountered taxa during the wet and dry seasons was the 
same, except that Leptopelis christyi (Arthroleptidae) was 
more commonly encountered during the dry season (8 
out of 18 days) than during the wet season (4/30 days), 
and the aforementioned H. phantasticus was less visible 
during the dry season (5/18 days in the dry season vs. 
19/30 days in the wet season). Within primary forest, the 
leaf-litter frog Phrynobatrachus cf. giorgii was one of 
the most commonly encountered species, while within 
degraded habitats, particularly farmbush, Amnirana 
cf. albolabris was the most common. Along small 
watercourses, hyperoliid treefrogs were most common. 
The four surveyed areas did not appear to differ in species 
composition, while some differences could be observed 
among habitats. Biofluorescence upon illumination with a 
UV-light of wavelength of 395-400 nm was observed and 
documented in one species, H. phantasticus (see Species 
Accounts), while the approximately 15 other species that 
were tested (mostly hyperoliids) did not exhibit obvious 
fluorescence. 


Species Richness 


During each of the 15-day field sessions, 73-84% of the 
total number of species were recorded (observed and 
estimated). The numbers of species observed during these 
three missions were 31 (wet season), 30 (wet), and 27 
(dry). Species richness estimates were similar for the two 
wet season missions and the cumulative survey (Table 1, 
Fig. 3A—B,D), but standard deviations and 95% confidence 
intervals were much higher/wider for the 15-day sessions 
than for the cumulative 48-day survey. A lower number 
of species was estimated based on the dry season mission 
(Table 1, Fig. 3C). In the case of the cumulative survey, the 
numbers of species observed and statistically estimated 
converged (Fig. 3D), with estimates of 37-41 species 
(Chao 2, 95% confidence interval). 
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Amphibia: Anura 
Arthroleptidae 


Arthroleptis Smith, 1849 


Five species of Arthroleptis were found, one of a large 
size, One medium-sized, and three rather small-sized 
(as described below). The latter three correspond 
morphologically to the presently invalid genus 
Schoutedenella De Witte, 1921. The phylogenetic 
diversity of Arthroleptis from the central Congo Basin 
is the subject of a separate study (V. Gvozdik et al., in 


prep.). 


Arthroleptis tuberosus Andersson, 1905 

Arthroleptis tuberosus procterae De Witte, 1921 (new 
status) 

Fig. 4C. 

Area: All. 

Season/survey: Wet (May, Nov 2018), dry (Aug 2019). 

Material: CSB:Herp:RNBK 031, 056, 076, 085, 125, 
216, 545, 585, 706, 719, 734; IVB-H-CD 18241, 18242, 
18265, 18266, 18267. 

Comments: Arthroleptis tuberosus is a medium-sized and 
little-known species, but it is supposedly widespread from 
Cameroon (or eastern Nigeria; Nneji et al. 2019) to eastern 
DRC (IUCN SSC Amphibian Specialist Group 2017). 
Given that Amiet and Goutte (2017) recently proposed 
that this species consists of multiple subspecies (4. ¢ 
tuberosus, A. t. adelphus Perret 1966), and given the type 
localities of the available names, the central and eastern 
Congolian population should bear the nomen A. tuberosus 
procterae De Witte, 1921 (new status), type locality: “Beni 
(Kivu).” However, the status of this taxon, particularly 
whether it eventually merits full species status, requires 
further research. Arthroleptis tuberosus is abundant in 
forested regions in central, northern, and eastern DRC (G. 
Badjedjea, unpub. obs.). In Kokolopori, A. tuberosus was 
mostly found in forests, both primary and disturbed, and 
usually at night. Some specimens were caught in the early 
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Table 2. Species diversity of amphibians found in Kokolopori (2018—2020). 


Family Taxon 


Arthroleptidae Arthroleptis tuberosus procterae 
Arthroleptis sp. aff. variabilis 
Arthroleptis phrynoides 
Arthroleptis sp. aff. phrynoides 
Arthroleptis sp. aff. xenochirus 


Cardioglossa congolia 


Leptopelis calcaratus meridionalis 


Leptopelis christyi 
Leptopelis ocellatus schiotzi 


Bufonidae Sclerophrys cf. funerea 


Sclerophrys sp. aff. camerunensis | 


Sclerophrys sp. aff. camerunensis 2 


Hyperoliidae Afrixalus equatorialis 
Afrixalus osorioi 

Afrixalus cf. quadrivittatus 
Congolius robustus 


Cryptothylax greshoffii 


Hyperolius cf. cinnamomeoventris 


Hyperolius cf. langi 
Hyperolius cf. platyceps 


Hyperolius ocellatus purpurescens 


Hyperolius phantasticus boulengeri 


Hylambates verrucosus 
Phrynobatrachidae Phrynobatrachus cf. auritus 
Phrynobatrachus cf. giorgii 
Phrynobatrachus sp. aff. auritus 
Pipidae Hymenochirus cf. boettgeri 
Hymenochirus cf. boulengeri 
Xenopus pygmaeus 
Ptychadenidae Ptychadena aequiplicata 
Ptychadena christyi 


Ptychadena perreti 


Ptychadena sp. aff. mascareniensis 


Pyxicephalidae Aubria masako 


Ranidae Amnirana cf. albolabris 
Amnirana lepus 
Rhacophoridae Chiromantis cf. rufescens 


morning. This species usually sits on low vegetation at 
around 0.5—1 m high, and it is occasionally found in leaf- 
litter. It was often found after rain. 


Arthroleptis sp. aff. variabilis 

Fig. 4E. 

Area: Yalokole, Yetee, Yotemankele. 

Season/survey: Wet (May, Nov 2018), dry (Aug 2019). 
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Notes 
Possibly a separate species 


Probably an undescribed species 


Probably an undescribed species 


Probably an undescribed species 


Possibly a separate species 


Possibly a separate species 


Probably an undescribed species 


Probably an undescribed species 


Possibly a separate species 


Possibly a separate species 


Probably an undescribed species 


Probably an undescribed species 


Material: CSB:Herp:RNBK 022, 023, 025, 087, 547; 
IVB-H-CD 18371-18375. 

Comments: A large Arthroleptis that is widespread in 
the central and northeastern DRC, although specimens 
from Kokolopori seem to be larger than those from other 
regions. It resembles A. variabilis Matschie, 1893 (type 
locality in southwestern Cameroon) but is stouter, and 
superficially similar to A. stenodactylus Pfeffer, 1893 
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Fig. 3. Species richness of amphibians in Kokolopori (species accumulation curves) as based on the number of species observed 
(black) and statistically estimated using the Jackknife 1 (blue) and Chao 2 (red) methods. (A) Wet season, May 2018. (B) Wet 
season, November 2018. (C) Dry season, August 2019. (D) Cumulative data from the entire period, 2018-2020 (48 days). Red 


dotted lines show the 95% confidence interval for Chao 2. 


from the savannas of the southeast. It seems to be mostly 
terrestrial, typically found jumping on the ground during 
the morning hours. Individuals of this species were mainly 
collected in the primary forest habitat. The individuals 
exhibited variable coloration from light to dark brown. A 
phylogeographic study of the A. variabilis complex will 
shed more light on the evolutionary history and taxonomy 
of these Squeaker Frogs (D.C. Blackburn et al., in prep.). 


Small-sized “Schoutedenella” 

Arthroleptis phrynoides (Laurent, 1976) 

Fig. 4A—B. 

Area: Yalokole. 

Season/survey: Wet (May 2018). 

Material: CSB: Herp:RNBK 058, 124. 

Comments: Originally described in the genus 
Schoutedenella (Laurent 1976a). Only two probably 
adult females were found during the whole study, 
suggesting that this species is probably very cryptic or 
rare. This also corresponds to the relatively late discovery 
and description of this species, which was based only on 
one male and one female (Laurent 1976a). The external 


Amphib. Reptile Conserv. 


morphology is concordant to the type material. Both 
specimens were found in primary forest near a stream 
(two different streams) sitting on vegetation about 0.5 
m high in May 2018. The name phrynoides refers to the 
resemblance to the bufonid arboreal genus Nectophryne 
(Laurent 1976a). The similar morphology could point 
to an arboreal life history of this Arthroleptis, possibly 
also explaining its rarity. The species has a conspicuous 
verrucosity, the throat is black in both females, and the 
anterior part of the venter is black with diffused white 
spots. The tips of the toes and fingers are enlarged 
into distinct discs, an obvious adaptation to scansorial 
life. Our record is probably the first finding of this 
Species since its description, extending its known range 
approximately 250 km northward from the type locality 
in Sankuru Province. The two localities are similar in 
terms of vegetation and climate, because they occur 
within a continuous forest block. 


Arthroleptis sp. aff. phrynoides 
Fig. 4D. 


Area: Bechuchuu, Yalokole. 
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Fig. 4. Arthroleptids, Arthroleptis and Cardioglossa. (A) Arthroleptis phrynoides (female). (B) A. phrynoides, ventral view (same 
specimen as in A). (C) A. tuberosus procterae (female). (D) A. sp. aff. phrynoides (female). (E) A. sp. aff. variabilis (male). (F) A. 
sp. aff. xenochirus (male). (G) Cardioglossa congolia (male). (H) C. congolia, ventral view (same specimen as in G). 
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Season/survey: Wet (Nov 2018), dry (Aug 2019). 
Material: CSB:Herp:RNBK 704; IVB-H-CD 18145, 
18240. 

Comments: This is another species that is either rare 
or has cryptic ecology, because only two females and 
one juvenile were found. It resembles A. phrynoides, 
which is syntopic, but has substantial differences in both 
morphological features and color pattern. Conspicuous 
markings in the form of white-black marbling are present 
on the ventrum and contrast with the reddish underside 
of the hind limbs. Discs on toes and fingers are not as 
distinct as they are in A. phrynoides, suggesting a less 
scansorial ecology. The two specimens were found on 
low herbaceous vegetation about 0.5 m high in disturbed 
habitat at the forest margin, while one specimen was 
hopping on the ground in primary forest at night after 
almost a full day of rain. The morphology does not 
conform to any of the known described species. A formal 
description of this new species will be given elsewhere 
(V. Gvozdik et al., in prep.). 


Arthroleptis sp. aff. xenochirus 

Fig. 4F. 

Area: Yalokole. 

Season/survey: Wet (May 2018). 

Material: CSB: Herp:RNBK 054, 140. 

Comments: Another small Arthroleptis from the 
“Schoutedenella” group, like A. phrynoides and A. sp. 
aff. phrynoides, although this one rather resembles A. 
xenochirus from wooded savanna uplands of southern 
DRC and surrounding countries (Bittencourt-Silva 2019; 
Ernst et al. 2020). The vegetation and climate in central 
Congo are very different from the southern part of the 
country (Vancutsem et al. 2009), suggesting that this 
Arthroleptis is probably another yet-undescribed species 
deserving more attention. 


Cardioglossa Boulenger, 1900 


This genus is related to Arthroleptis and was recently 
synonymized with it within a large phylogenetic meta- 
analysis of recent amphibians (Dubois et al. 2021; 
given obviously in error as a synonym of Astylosternus 
in the text, while as a synonym of Arthroleptis in the 
phylogenetic trees). However, we follow the last focused 
study on these genera (Blackburn 2008) and continue 
to recognize them here as two separate genera, as do 
Blackburn et al. (2021) in the note at the end of the article 
on the phylogeny of Cardioglossa and Frost (2021) in his 
database. 


Cardioglossa congolia Hirschfeld, Blackburn, 
Greenbaum, and Rédel, 2015 
Fig. 4G—-H. 


Area: Bechuchuu, Yalokole. 
Season/survey: Wet (May, Nov 2018), dry (Aug 2019, 
Jul 2020). 
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Material: CSB:Herp:RNBK 143, 240, 717, 854; IVB-H- 
CD 18193, 18194, 18264. 

Comments: A little-known Cardioglossa from the Central 
Congolian forests, closely related and morphologically 
similar to C. gratiosa from northwestern Central Africa 
(Blackburn et al. 2021). This species is known only from 
males so far (Hirschfeld et al. 2015). We also found 
only males, calling from leaf-litter near small streams 
in primary forest. This species has obviously cryptic 
ecology, and it is not easy to locate even calling males, 
while females remain unknown to science. Our new 
records from Kokolopori are located between the only 
two known distribution sites of this species in western 
Mai-Ndombe Province and western Tshopo Province 
(Hirschfeld et al. 2015). 


Leptopelis Gunther, 1859 


Three species of Leptopelis were recorded here. Two of 
them are identifiable to taxa described at the subspecies 
level. However, considering their morphological 
distinctions and geographic distance from the type 
localities of the nominotypical subspecies, they may 
represent full species. 


Leptopelis calcaratus (Boulenger, 1906) 

Leptopelis calcaratus meridionalis Laurent, 1973 

Fig. SA-B. 

Area: Yalokole, Yotemankele. 

Season/survey: Wet (May 2018), dry (Aug 2019). 
Material: CSB:Herp:RNBK 144, 541, 542. 

Comments: This taxon has not been reported since its 
description. Here, three males were found in primary 
forest on tree branches (4 m high in one case) several 
meters from streams. Two color morphs were recorded, 
two males were brown (Fig. 5A) and one was contrasting 
orange-black (Fig. 5B). It is worth noting that a similar 
orange morph was documented by Amiet (2012) as a 
rare coloration in L. calcaratus from Cameroon. These 
treefrogs were identified based on a comparison with 
the type material of L. calcaratus meridionalis. This 
subspecies was described as distributed south of the 
wide Congo River arc, while the populations to the 
east, north, and west were identified as belonging to 
the nominotypical subspecies (Laurent 1973). This 
taxon morphologically differs in several features, most 
importantly by a less developed spur on the heel and more 
extensive foot webbing. The level of distinction of this 
central Congolian taxon needs to be further investigated 
as it may represent a full species. 


Leptopelis christyi (Boulenger, 1912) 

Fig. SC—E. 

Area: Bechuchuu, Yalokole, Yotemankele. 
Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 171, 183, 227, 242, 243, 
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Fig. 5. Arthroleptids, Leptopelis. (A) L. calcaratus meridionalis, brown morph (male). (B) L. calcaratus meridionalis, orange-black 
morph (male). (C) L. christyi, brown morph (male). (D) L. christyi, green morph (male). (E) L. christyi (juvenile). (F) L. ocellatus 
schiotzi (amplectant pair). (G) L. ocellatus schiotzi (male). (H) L. ocellatus schiotzi (female). 
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250, 252, 270, 271, 293, 586, 622, 638, 644, 763, 800— 
802, 808, 809, 812, 813; IVB-H-CD 18341. 
Comments: This treefrog is locally common (ce.g., 
found in flooded forest) but missing or difficult to detect 
in other places. Two color morphs were recorded: the 
more common brown morph (Fig. 5C), and the brown- 
green morph (with a green dorsal triangle, stripes on 
limbs, and other smaller markings) which is rarely 
almost completely green (Fig. 5D). Juveniles are bright 
green with yellowish joints on the limbs (Fig. 5E). 
Interestingly, only a single specimen (metamorph) was 
found during the survey in November, when no adults 
were found. The metamorph was perched about | m high 
on herbaceous vegetation along a larger stream, together 
with tens of metamorphs of L. ocellatus schiotzi. This 
species was described from a forested region in Uganda 
and has been considered to be an eastern Central African 
element (e.g., Channing and Rodel 2019; Schigtz 1999). 
However, based on accumulating evidence (e.g., Amiet 
2012; Dewynter and Frétey 2019; V. Gvozdik, unpub. 
obs.), it seems that this treefrog 1s widespread in Central 
Africa from Cameroon and Gabon across the forested 
zone of the Congo Basin, and marginally to East Africa. 
Its presence in Angola 1s also possible. 


Leptopelis ocellatus (Mocquard, 1902) 

Leptopelis ocellatus schiotzi Laurent, 1973 

Fig. SF—-H. 

Area: Yalokole, Yetee, Yotemankele. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019). 

Material: CSB:Herp:RNBK 007, 012, 018, 028, 035, 
037, 041, 071, 078, 089, 121, 126, 138, 144, 158, 239, 
268, 285, 294, 380, 415, 417, 418, 420, 421, 423, 442, 
506, 521; IVB-H-CD 18085, 18086, 18146, 18161, 
18168, 18169, 18252, 18258-18262, 18295, 18296, 
18334-18337, 18340, 18388, 18389. 

Comments: Like L. calcaratus meridionalis, this 
taxon has not been reported since its description. It is 
supposedly endemic to the Central Congolian forests. 
In comparison to the nominotypical subspecies, which 
occurs in western Central Africa, L. ocellatus schiotzi 
is more robust and has a relatively shorter and wider 
head (Laurent 1973). The degree of differentiation of 
these two taxa needs to be thoroughly investigated 
to determine whether the central Congolian taxon 
may represent a separate species. The sexual size 
dimorphism is conspicuous, with females much larger 
than males (Fig. 5F). This treefrog seems to be one of 
the most common species, occurring in a wide range of 
habitats, most often in disturbed habitats or ecotones 
between forest and open areas near streams. Males 
often call from high positions. 


Bufonidae 
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Sclerophrys Tschudi, 1838 


This genus was formerly known as Bufo or 
Amietophrynus, but it is now named Sclerophrys (Ohler 
and Dubois 2016). We were unable to identify any of 
the three species of Sclerophrys toads to a described 
Species with certainty, and probably at least two of them 
represent undescribed species. All three seem to be 
confined to forested habitats. Interestingly, none of the 
typical and usually common (sem1-) synanthropic species 
of the Congo (S. gutturalis, S. pusilla, S. regularis) 
was recorded in this survey. Sclerophrys toads from 
the forests of Central Africa form a clade containing S. 
camerunensis, S. funerea, S. gracilipes, S. kisoloensis, S. 
villiersi, and several undescribed species (Liedtke et al. 
2016, 2017), which for simplicity we tentatively name as 
the S. camerunensis-gracilipes group, and are in need of 
taxonomic revision (E. Greenbaum et al., in prep.). 


Sclerophrys cf. funerea (Bocage, 1866) 

Fig. 6A-C. 

Area: Bechuchuu, Yalokole, Yotemankele. 
Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 116, 188, 204, 211, 276, 
540, 570, 690, 711, 721, 832; IVB-H-CD 18313. 
Comments: This species was usually found in or near 
forest streams in several sites during all surveys. However, 
it was rather uncommon. Calling was heard in the early 
morning. Its coloration was usually dark to blackish in 
males, brownish in females, and often with some reddish 
patches in both sexes. Parotoid glands are rather indistinct. 
Verrucosity is relatively strong, especially on limbs and 
the posterior part of the dorsum. However, the dorsum 
of males is smoother with flattened warts during the 
mating period (Fig. 6A). Sclerophrys funerea is a little- 
known species despite its presumed large distribution 
range covering most of the Congo Basin, countries of the 
Albertine Rift, and most of Angola where the type locality 
is in the north of the country (Marques et al. 2018). It is 
probably absent from Cameroon (J.-L. Perret sensu Joger 
1982) and Equatorial Guinea (Sanchez-Vialas et al. 2020), 
and is not reliably documented (at least from published 
photographs) from Gabon (Dewynter and Frétey 2019; 
Pauwels and Rodel 2007), and probably not even from the 
Republic of the Congo, as S. gracilipes has probably been 
confused with this species. Our specimens from Kokolopori 
correspond morphologically to specimens at RMCA 
identified as Bufo funereus funereus by J. Hulselmans, 
who described Bufo funereus djohongensis from 
Cameroon (Hulselmans 1977), which was later elevated 
to full species (Joger 1982), although it is possibly a junior 
synonym of S. villiersi (Frétey et al. 2011; Channing and 
Rodel 2019). Since the holotype of S. funerea was most 
likely destroyed in a 1978 fire, the photograph in Perret 
(1976a) is probably the only visual information on the 
holotype (and the quality of the specimen was rather 
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Fig. 6. Bufonids, Sclerophrys. (A) S. cf. funerea, dorsal view (male in breeding condition, with smoother dorsal skin). 
(B) S. cf. funerea, brown morph (female). (C) S. cf. funerea, black morph (male). (D) S. sp. aff. camerunensis 1, with 
distinct coloration (subadult). (E) S. sp. aff. camerunensis | (male). (F) S. sp. aff. camerunensis | (female). (G) S. sp. aff. 
camerunensis 2 (male). (H) S. sp. aff. camerunensis 2 (female). 
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poor). There are other names available (Bufo benguelensis 
Boulenger, 1882; Bufo buchneri Peters, 1882; Bufo 
decorsei Mocquard, 1903; Bufo berghei Laurent, 1950; 
Bufo latifrons mayombensis Hulselmans, 1977) that may 
or may not be synonyms of S. funerea (Tandy and Keith 
1972). Comparing our material from Kokolopori with the 
holotype of S. buchneri, for which the type locality is also in 
northeastern Angola (about 500 km from the type locality 
of S. funerea), we found no significant differences. This is 
further indirect evidence that S. buchneri may represent 
a junior synonym of S. funerea, as already suggested by 
Tandy and Keith (1972). However, a thorough revision 
of the S. camerunensis-gracilipes group is needed, and a 
designation of a neotype of S. funerea will probably be 
necessary to stabilize the taxonomy of Central African 
forest toads. In view of the above uncertainties, and given 
the distance of about 1,300 km from the type locality 
(which is located in a different ecoregion), we refer to our 
population as S. cf. funerea for now. 


Sclerophrys sp. aff. camerunensis 1 

Fig. 6D-F. 

Area: Bechuchuu, Yalokole, Yetee. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 019, 114, 139, 232, 244, 
246, 247, 249, 258, 432, 522, 523, 527, 528, 705, 707, 
740, 866-868; IVB-H-CD 18176, 18177, 18244, 18253, 
18254, 18268, 18327-18333, 18377. 

Comments: This and the following species have a 
very similar general morphology. However, they differ 
consistently in the size of the tympanum (see below) 
and probably other morphological features. Both species 
belong to the S. camerunensis-gracilipes group, with 
males being slender and rather resembling S. gracilipes, 
while the more robust and colorful females resemble 
S. camerunensis. This species, which we provisionally 
name “aff. camerunensis 1,” appears to be more common, 
usually occurring near streams. Male coloration varies 
from yellowish to dark brown, with females usually 
having amore contrasting dorsal color pattern and yellow- 
reddish body sides. The dorsal stripe may be visible but 
sometimes it is not present. Breeding was recorded in 
a small shallow river where males were hiding among 
aquatic plants. A similar, possibly undescribed species 
was reported from northern Angola (Ernst et al. 2020). 
A thorough revision of the S. camerunensis-gracilipes 
group 1s in preparation. The size of the tympanum tn this 
Species 1s approximately half the size of the eye. 


Sclerophrys sp. aff. camerunensis 2 

Fig. 6G—-H. 

Area: Bechuchuu, Yalokole. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019). 

Material: CSB:Herp:RNBK 195, 738, 739, 741-744; 
IVB-H-CD 18165, 18282, 18310-18312. 
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Comments: This species is similar to the previous one, 
but seems to be rarer. It was found in swampy forests 
near the Luo and Lopori rivers. There seems to be some 
differences in the structure of verrucosity compared to 
the previous species, which may indicate some ecological 
differences. All our specimens have a more or less visible 
light yellowish dorsal stripe. The size of the tympanum is 
larger in this species, being approximately the size of the 
eye. However, the margin of the tympanum (tympanic 
annulus) is not very distinct. 


Hyperoliidae 
Afrixalus Laurent, 1944 


The systematics of Central African Afrixalus has been 
turbulent (e.g., Laurent 1982; Perret 1976b), and remains 
unsettled. We found three species in Kokolopori, none 
of which were ubiquitous or rare. Frogs of this genus 
commonly have distinctly different color tones during 
the day and night. 


Afrixalus equatorialis (Laurent, 1941) 

Fig. 7A-B. 

Area: All. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 016, 043, 095, 193, 272, 
275, 280, 282, 296, 300, 342, 344, 346, 360, 392, 395, 
437, 439, 457, 505, 509, 524, 537, 628, 654-657, 736, 
757, 758, 804, 811; IVB-H-CD 18138, 18141, 18269, 
18338, 18339; NMP-P6V 76073/1-4. 

Comments: A_ relatively little-known A/frixalus 
distributed only in rainforests of the northwestern to 
central Congo Basin. This species was found along 
streams in both disturbed and intact forest habitats. No 
specimens were observed calling. One couple was found 
in amplexus on the bank of the Lopori River. Dorsal 
coloration is brown at night, but gray to whitish during 
the day. 


Afrixalus osorioi (Ferreira, 1906) 

Fig. 7C. 

Area: Yalokole, Yetee, Yotemankele. 

Season/survey: Wet (May 2018), dry (Aug 2019). 
Material: CSB:Herp:RNBK 093, 098, 135, 136, 150, 
151, 153, 162, 165, 167, 174, 200, 338, 354, 381, 388, 
398, 408, 435, 438, 454, 467, 508, 517, 593, 672, 674. 
Comments: This species was described from west- 
central Angola and is known to occur throughout much 
of the Congo Basin, in Uganda, and in western Kenya. 
The subspecies A. osorioi congicus (Laurent 1941) 
was described from northern DRC, with the presumed 
distribution in northern and eastern DRC (Laurent 
1972). Later, Laurent (1982) noted that specimens of 
A. osorioi from central Congo (Sankuru) were found to 
be intermediate between the nominotypical subspecies 
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Fig. 7. Hyperoliids, Afrixalus, Congolius, and Cryptothylax. (A) Afrixalus equatorialis (male, nocturnal coloration). (B) 
A. equatorialis (female, nocturnal coloration). (C) A. osorioi (male). (D) A. cf. quadrivittatus (amplectant pair). (E) 
Congolius robustus (male). (F) C. robustus (female). (G) Cryptothylax greshoffii (male). (H) C. greshoffii (female). 
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and ssp. congicus and explained this pattern as a clinal 
variation. Laurent agreed with other earlier authors 
(e.g., Perret 1976b) to synonymize ssp. congicus with 
the nominotypical subspecies. However, a detailed 
investigation of the geographic morphological variation 
and molecular phylogeography of the species may reveal a 
more complex pattern in the future and possibly resurrect 
the congicus taxon. This name could also be applicable 
for the central Congolian population. In Kokolopori, A. 
osorioi was found in ponds or along streams usually in 
open habitats, but it was also recorded in disturbed flooded 
forest together with A. cf. guadrivittatus. Most males were 
found calling, hidden in higher herbaceous vegetation, and 
some were found in amplexus. Based on a comparison of 
three similar Congolian forest species (A. equatorialis, A. 
leucostictus Laurent, 1950, and A. osorioz), Laurent (1982) 
mentioned that A. /eucostictus can turn its coloration into 
dark brown, almost without pattern, a condition which 
rarely happens in A. osorioi. However, some of the 
Kokolopori specimens of A. osorioi were dark brown, 
with their dorsal pattern barely visible. 


Afrixalus cf. quadrivittatus (Werner, 1908) 

Fig. 7D. 

Area: Yalokole, Yetee, Yotemankele. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019). 

Material: CSB:Herp:RNBK 156, 172, 173, 175, 185, 
196, 208, 231, 233, 402, 405, 424, 436, 510, 511, 658— 
663, 673; IVB-H-CD 18094, 18135-18137, 18360- 
18363, 18391-18395. 

Comments: The striped Afrixalus from Central Africa 
usually known as A. fulvovittatus (Cope, 1861) and/or 
A. quadrivittatus seemingly represent more than two 
species and form a species complex together with A. 
dorsalis (Peters, 1875), which probably also represents 
more than one species (Portik et al. 2019). Moreover, 
the latter is also known to have a striped morph, which 
further complicates morphological identifications 
(Schigtz 1999). These striped Afrixalus have been known 
under several names either as subspecies or full species 
depending on the taxonomic authority as A. (fu/vovittatus) 
brevipalmatus (Ahl, 1931), A. (fulvovittatus) leptosomus 
(Peters, 1877), A. (fulvovittatus) quadrivittatus, or A. 
“quadrivittatus” Pickersgill, 2007 (Amiet 2012; Amiet 
and Goutte 2017; Frétey et al. 2011; Laurent 1982; 
Pickersgill 2007; Schiotz 1999). The nomen /eptosomus 
is now considered a synonym of A. dorsalis (Amiet 
2012; Frétey et al. 2011) in line with the opinion of 
earlier authors (Perret 1976b; Schiotz 1999). Afrixalus 
fulvovittatus is the oldest available name for this frog 
group. The type locality is in Liberia, and the species 
is now believed to be distributed only in West Africa 
(Channing and Rodel 2019). Afrixalus quadrivittatus has 
the type locality in South Sudan and is believed to be 
distributed in East Africa with unclear limits westward 
in Central Africa (Channing and Rodel 2019). Frétey et 
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al. (2011) hypothesized that this species is widespread 
throughout Central Africa, similar to the hypothesis of 
Laurent (1982; as subspecies A. f quadrivittatus). The 
taxonomic situation is obviously complex (Portik et 
al. 2019) and a molecular phylogeographic approach 
is needed to resolve it. Afrixalus (fulvovittatus) 
brevipalmatus is the available name applicable to the 
Cameroonian and Equatorial Guinean populations (type 
locality: Sangmelima, Cameroon; Amiet 2012; Amiet 
and Goutte 2017; Sanchez-Vialas et al. 2020). For the 
Kokolopori population we follow Laurent (1982), a 
respected Congo herpetology expert, who hypothesized 
that A. quadrivittatus is widespread from East Africa to 
the Congo. However, in respect to the distance to the type 
locality, we refer to this species as A. cf. guadrivittatus, 
pending a thorough taxonomic revision. In Kokolopori, 
we found this species mostly in open areas on higher 
herbaceous vegetation, usually along streams, and 
commonly together with A. osorioi. 


Congolius Neéas, Badjedjea, and Gvozdik, 2021 


This genus was recently established based on evidence 
that “Hyperolius” robustus is phylogenetically placed 
outside the genus Hyperolius (Neéas et al. 2021). The 
Congo frog forms a common clade with West African 
Morerella and Central African Cryptothylax. This new 
and monotypic genus is probably endemic to the Central 
Congolian forests. 


Congolius robustus (Laurent, 1979) 

Fig. 7E-F. 

Area: All. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 002, 009, 040, 050, 057, 
061, 062, 067, 075, 081, 082, 096, 105, 111, 130, 137, 
157, 215, 257, 414, 434, 445, 446, 466, 514, 519, 520, 
532, 533, 543, 549, 550-552, 584, 606, 629, 679, 680, 
698-700, 722, 730, 839-841; IVB-H-CD 18095, 18117- 
18121, 18143, 18255, 18256, 18299, 18301-18305, 
18364; NMP-P6V 76086/1-9, 76087/1-3. 

Comments: This is a little-known species, but it 1s quite 
common in Kokolopori. It is abundant in flooded primary 
forests or along streams, and also in disturbed semi-open 
habitats. It was commonly found in communities with 
Hyperolius phantasticus and H. cf. cinnamomeoventris, 
and/or H. cf. platyceps, especially in farmbush along 
streams at forest edges. Most specimens were found 
perched on vegetation 1.5—2 m high, but some specimens 
were observed higher up on shrubs or trees. Most males 
were found during calling activity, although they were 
easily disturbed and stopped calling. The Robust Congo 
Frog is sexually dichromatic with males in yellowish to 
brown tones and usually dark marbling, whereas females 
are reddish-brown with orange distal and ventral parts 
of the limbs (especially tips of digits and webbings). 
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This species was already reported from Kokolopori by 
Schiotz (2006). 


Cryptothylax Laurent and Combaz, 1950 


A large hyperoliid distributed in the western Congo 
Basin, with one widespread species (C. greshoffii) 
and one species of a smaller size (C. minutus) with 
questionable validity (Schietz 1999) and known only 
from its type locality near Lake Tumba, western-central 
DRC (Laurent 1976b). 


Cryptothylax greshoffi (Schilthuis, 1889) 

Fig. 7G-H. 

Area: Yalokole, Yetee. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019). 

Material: CSB:Herp:RNBK 073, 146, 207, 256, 269, 
248, 595; IVB-H-CD 18109, 18122-18127, 18232; 
NMP-P6V 76077/1—10, 76078/1-3. 

Comments: All observed adult specimens of Cryptothylax 
were of large size, identified as C. greshoffii, and thus 
did not fit the description of the enigmatic C. minutus 
(Laurent 1976b). This species occurs in open areas 
along streams or near swamps with rich high herbaceous 
vegetation. Cryptothylax only rarely enters the margins 
of forests. This sexually dichromatic species has 
yellowish to brown males and whitish to pinkish females 
with orange discs on the toes, which is a state of color 
dichromatism similar to that of the genus Congolius. 
Metamorphs of this species are relatively large and quite 
tuberculous with beige to pinkish lateral stripes and a 
brown dorsum, a pattern sometimes visible in adult males 
but less conspicuous. We encountered this species only 
relatively rarely, which is probably due to the presence of 
predominantly forested habitats in Kokolopori. 


HAyperolius Rapp, 1842 


Our surveys recorded five species of this genus which 
belong to two divergent clades (Portik et al. 2019): (1) H. 
cf. cinnamomeoventris, H. cf. langi, H. cf. platyceps with 
high color pattern variation but rather indistinct sexual 
dichromatism; and (11) H. ocellatus, H. phantasticus 
with a relatively stable color pattern but distinct sexual 
dichromatism. Three of the five species are identified to 
nominal species with some caveats as discussed below. 


HAyperolius Clade 2 (sensu Portik et al. 2019) 


HAyperolius cf. cinnamomeoventris Bocage, 1866 

Fig. 8A—E. 

Area: All. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 091, 099, 109, 110, 113, 
117, 128, 177, 206, 260, 274, 309, 334, 336, 348, 361, 
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364, 387, 390, 412, 441, 447, 448, 450, 455, 460-465, 
473, 512, 514-516, 604, 615, 665-667, 669-671, 759, 
760, 843; IVB-H-CD 18092, 18093, 18107, 18108, 
18128-18134, 18225, 18309, 18351, 18353-18359. 
Comments: An abundant species in Kokolopori, found 
in all habitat types but mostly in open areas along 
streams, at forest edges, or in clearings. Phylogeographic 
studies of this species suggested a more complex pattern 
of genetic variation (Bell et al. 2015, 2017), and given 
the relatively remote type locality in northern Angola, 
the conspecificity of the central Congolian population 
with the type-locality population is uncertain. The 
Kokolopori population of this species possesses a high 
level of color polymorphism, higher than presently 
known for the species (cf. Amiet 2012; Channing 
and Rédel 2019; Schigtz 1999). Generally, males are 
yellowish to brown and females have a dominant green 
color, which corresponds to the usual coloration (Amiet 
2012; Schiotz 1999). However, one relatively atypical 
feature is that light dorsolateral stripes are also present 
in females (not only males), resembling H. veithi Schick, 
Kielgast, R6dder, Muchai, Burger, and Lotters, 2010, but 
less conspicuous (Fig. 8B; see also the photo of a pair in 
amplexus in Ne¢as et al. 2021). This feature is a sign of 
transition to secondary monochromatism, which is known 
to occur in the H. cinnamomeoventris complex (Portik 
et al. 2019). Another as yet undescribed color pattern is 
an hourglass dorsal pattern present in some specimens 
of both sexes (Fig. 8C—E). Schiotz (2006) observed both 
color morphs of H. cf. cinnamomeoventris in Kokolopori 
but identified them as “light” color morphs of H. 
platyceps (Schigtz’s morphs C and D). In our opinion, H. 
platyceps in Kokolopori always has a “dark” color morph 
(see below). However, the dorsal brown coloration may 
be relatively light under some conditions, which can 
cause confusion in identification (cf. Figs. 8E and 9C). 
Genetic testing could clarify whether the hourglass 
morph (Schigtz’s morph C) represents a hybrid between 
H. cf. cinnamomeoventris and H. cf. platyceps, as the 
hourglass pattern is commonly present in H. platyceps 
(Amiet 2012; Schiotz 1999). The taxonomic status of 
certain taxa that are presumably conspecific or possibly 
conspecific must be also verified, as some of these 
nomina might be applicable for the central Congolian 
populations of H. cf. cinnamomeoventris, particularly 
H. ituriensis Laurent, 1943 described from Dyalasinda 
near Lake Albert (Ituri Province), H. pol/i Laurent, 1943 
described from Tshimbulu (Kasai-Central Province), and 
H. (cinnamomeoventris) wittei Laurent, 1943 described 
from Kulu near Mwanza, north of the Upemba National 
Park (Haut-Lomami Province; Laurent 1957). 


HAyperolius ct. langi Noble, 1924 

Fig. 8F. 

Area: Yalokole, Yetee. 

Season/survey: Wet (May 2018), dry (Aug 2019). 
Material: CSB:Herp:RNBK 159, 587-592, 610, 614. 
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Fig. 8. Hyperoliids, Hyperolius. (A) H. cf. cinnamomeoventris, striped morph (male). (B) H. cf. cinnamomeoventris, striped morph 
(female). (C) H. cf. cinnamomeoventris, hourglass morph (male). (D) H. cf. cinnamomeoventris, hourglass morph (female); note 
the species-specific red coloration of the inner thighs in both sexes in (C) and (D). (E) H. cf. cinnamomeoventris, hourglass morph 
(male). (F) H. cf. /angi, striped morph, “forma albomarginata” (male). (G) H. phantasticus boulengeri (male, Phase J). (H) 
H. phantasticus boulengeri (female). 
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Comments: This species seems to be relatively rare in 
Kokolopori. Individuals were found calling and well 
hidden in the dense herbaceous vegetation that overgrew 
a small stream in farmbush at the edge of secondary 
forest. This species has two distinct color morphs. 
One has a camouflage-like pattern corresponding to 
the “facies kuligae” (Laurent 1950), while the second 
has light canthal and dorsolateral stripes extending 
halfway down the body. We refer to the latter as the 
“forma albomarginata’ (Fig. 8F) following the name 
of the phenotypically corresponding nominal taxon 
Hyperolius albomarginatus Laurent, 1940, synonymized 
with H. /angi (Laurent 1950). There has been a long- 
standing debate regarding the taxonomic distinction and 
distributions of H. angi (type locality in Bas-Uele, NE 
DRC) and H. kuligae (type locality on Mt. Cameroon), 
e.g., Schiotz (1999). As the color pattern variation in H. 
langi from northeastern DRC (unpub. data) basically 
corresponds to the variation of H. kuligae in Cameroon 
(cf. Amiet 2012), this suggests that the two species share 
these phenotypic characteristics. We follow Kohler et 
al. (2005), who studied advertisement calls, with the 
opinion that the two species represent vicariants with 
H. kuligae in western and H. /angi in eastern Central 
Africa. The relatively deep genomic divergence also 
supports the species status of both taxa (Portik et al. 
2019). However, the exact distributional limits of the two 
species are unknown. As the Kokolopori population is 
relatively distant from the type locality (located north of 
the Congo River), and also considering some differences 
in coloration details, we refer to this population as 
H. cf. langi. Interestingly, Bittencourt-Silva (2019) 
reported a finding of the little-known H. major from 
a forest patch in northwestern Zambia, supposedly 
genetically close to H. angi and H. kuligae. However, 
the photographed male differs in coloration from the 
Kokolopori specimens. Individuals with the camouflage- 
like pattern may be confused with H. cf. platyceps and 
the hourglass specimens of H. cf. cinnamomeoventris, 
as all three species have similar color pattern variations. 
The photographed specimen of “H. kuligae” from Boteka 
(western Equateur Province) reported by Schiotz (2006) 
could be conspecific with H. cf. langi. 


Hyperolius cf. platyceps (Boulenger, 1900) 

Fig. 9C-E. 

Area: All. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 169, 170, 190, 192, 197, 
214, 222, 236, 259, 261, 279, 291, 302, 318, 327, 333, 
353, 365, 367, 376, 384-386, 413, 416, 433, 507, 651- 
653, 668, 731-733, 805, 842; IVB-H-CD 18142, 18347- 
18350, 18352, 18386, 18387. 

Comments: A common, but often relatively well-hidden, 
species 1n Kokolopori occurring in disturbed habitats or 
at the edge of primary forest. This species is considered 
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a Congolian faunal element (Amiet 2012), although we 
have never encountered it in northeastern DRC. The 
Species is widespread in the western and central Congo 
Basin, Gabon, and northern Angola (Frétey et al. 2011; 
Dewynter and Frétey 2019; Marques et al. 2018), and 
possibly as far as southeastern DRC (Laurent 1952). 
This species has been the source of much taxonomic 
confusion in the past (Marques et al. 2018; Schiotz 1999) 
and is not yet well understood. As mentioned above for 
H. cf. cinnamomeoventris, Schietz (2006) described 
four color morphs from Kokolopori: two dark and two 
light. However, based on our close observations in the 
field and in the laboratory, we are of the opinion that the 
“light morphs” represent H. cf. cinnamomeoventris (with 
the possibility of a hybrid origin of the light hourglass 
morph, Schietz’s morph C, which remains to be 
genetically tested; Fig. 8C—E). All the specimens which 
we identified as H. cf. platyceps belonged to the two dark 
morphs, one with the hourglass dorsal pattern (Fig. 9C) 
and the second one a rarer striped morph corresponding 
to the “forma pleurotaenia” (cf. Amiet 2012; Fig. 9D). 
As noted by Schigtz (2006), individuals from Kokolopori 
have some peculiarities in coloration that are not known 
in the western populations. In particular, conspicuous 
white and/or yellow spots are present on the flanks and 
part of the ventrum in both sexes (spots of both colors 
may be combined; see Fig. 9E for ventral view). 

Several subspecies were described, including two 
from southeastern DRC: H. platyceps lomamiensis 
Laurent, 1943 (type locality in W Upemba NP, Haut- 
Lomami) and H. p. olbrechtsi Laurent, 1952 (type 
locality W of Kalemie, Tanganika). Hyperolius langi 
and H. major Laurent, 1957 (type locality in E Upemba 
NP, Haut-Katanga) were also treated as subspecies of 
H. platyceps at one time (e.g., Laurent 1952, 1957). 
However, Schigtz (1999) stated: “Much confusion has 
surrounded this species, partly because of its variation, 
partly because several quite different species have been 
treated as subspecies of H. platyceps. Amiet (1978) 
[Note: Amiet 1979 “1978”] has clarified the matter and 
we follow him in regarding the forms in the “platyceps- 
complex” as full species (platyceps, langi, major), but 
did not address the taxa /Jomamiensis and olbrechtsi. Both 
are presently treated as synonyms (however, they may 
be valid subspecies) of H. platyceps (Frost 2021). From 
the above, it is clear that a thorough revision 1s needed 
to clarify the status of these taxa and their relationships 
to H. langi and H. major. It is also necessary to verify 
whether H. p. Jomamiensis is an older available name for 
H. major as the type localities of the two taxa are only 
about 70 km apart. Similarly, some other little-known 
taxa may be related to H. platyceps (cf. Laurent 1941, 
1943, 1952, 1957), in particular H. atrigularis Laurent, 
1941 described from highlands of the Marungu Plateau 
(Tanganika Province), H. polli Laurent, 1943 known 
from the type locality in Kasai-Central and adjacent 
northeastern Angola (Marques et al. 2018), and possibly 
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Fig. 9. Hyperoliids, Hyperolius and Hylambates. (A) Hyperolius phantasticus boulengeri (amplectant pair, both sexes in Phase F). 
(B) H. phantasticus boulengeri under UV light (male, Phase J). (C) H. cf. platyceps, hourglass morph (male). (D) H. cf. platyceps, 
striped morph, “forma pleurotaenia” (male). (E) H. cf. platyceps, hourglass morph, ventral view (female). (F) H. ocellatus 
purpurescens (female). (G) Hylambates verrucosus (male). (H) H. verrucosus, ventral view (same specimen as in G). 
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Hyperolius kibarae Laurent, 1957 described from the 
eastern Upemba NP (Haut-Katanga Province). 


HAyperolius Clade 1 (sensu Portik et al. 2019) 


HAyperolius ocellatus Giinther, 1858 

Hyperolius ocellatus purpurescens Laurent, 1943 

Fig. 9F. 

Area: Yetee. 

Season/survey: Dry (Aug 2019). 

Material: CSB:Herp:RNBK 611, 612, 694, 695-697. 
Comments: This species was recorded only once near 
Yalokenge village in pristine forest, in a partially open 
swampy zone at the edge of a stream. Five males were 
found sitting on vegetation, and not calling. The only 
female was discovered well hidden in vegetation, far 
from the place where the males aggregated. Schiotz 
(2006) also recorded “only few specimens” in small 
forest swamps in Kokolopori, and described their 
coloration. This is a sexually dichromatic species (Portik 
et al. 2019) with green males that have a silvery white 
triangle on the snout and white dorsolateral stripes. The 
female (Fig. 9F) has the color pattern corresponding to 
the subspecies H. o. purpurescens originally described 
from the southeast of Kisangani (Laurent 1943) [type 
locality of the nominotypical subspecies was restricted 
to Bioko Island, Equatorial Guinea]. A phylogeographic 
study suggested a complex pattern of genetic variation 
with the eastern Congolian populations differentiated to 
some level (samples from Kokolopori were not included; 
Bell et al. 2017). Hyperolius hildebrandti Ahl, 1931 
(type locality “Kamerun;” Ahl 1931) may be an older 
available name for populations from the Congolian 
forests. Whether this taxon deserves full species status 
remains to be evaluated. 


HAyperolius phantasticus (Boulenger, 1899) 

Hyperolius phantasticus boulengeri Laurent, 1943 (new 
status) 

Figs. 8G—H, 9A-B. 

Area: Yalokole, Yetee, Yotemankele. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019). 

Material: CSB:Herp:RNBK 001, 003, 010, 013, 021, 
033, 164, 168, 176, 187, 189, 199, 202, 205, 213, 217, 
223,238; .301,. 303-305, 307,308, 330, 337,356, 357, 
359, 363, 368-370, 374, 382, 383, 393, 394, 399, 403, 
406, 409, 410, 431, 440, 449, 459, 468-472, 474, 475, 
479, 480, 571, 579, 580, 605, 616, 701; TVB-H-CD 
18087-18091, 18096-18099, 18110-18116, 18162- 
18164, 18191, 18192, 18202, 18203, 18294, 18342- 
18346, 18492, 18493, 18508, 18518, 18519, 18523, 
18526, 18528. 

Comments: Hyperolius phantasticus is distributed from 
southern Cameroon to western Congo/DRC and to central 
DRC (Channing and Rodel 2019), and was described from 
the present-day continental Equatorial Guinea (Sanchez- 
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Vialas et al. 2020). It is one of the most abundant anuran 
species in Kokolopori, usually present along streams 
and rivers in open or semi-open areas, perching on high 
herbaceous vegetation and shrubs. Many pairs were 
found in amplexus during the wet seasons, while no 
amplectant pairs were found during the dry season. In 
this region, this species occurs in two color phases as 
already described by Schigtz (2006): Phase J (Fig. 8G; 
juveniles/males; Schiotz 1967) with the predominately 
light, translucent green dorsal color, unspotted or 
sprinkled with tiny dark spots, canthal stripes (light or 
dark) in most specimens, in some individuals continuing 
behind the eye halfway down the body, venter mostly 
yellow-green with some blue patches; and Phase F (Figs. 
8H, 9A; females/female-like males) with the maroon to 
beige dorsal color, sometimes with small yellow dots, 
ventral side mostly ink-black suffused with bluish and 
pinkish tones in dispersed light patches (sometimes 
concentrated in the center while circum-marginal areas 
are black). The inflated throat of males is mostly of the 
blue-green color in both color phases, with the gular disc 
yellow in Phase J and showing the dorsal maroon color 
in Phase F. The coloration differs significantly from the 
holotype of H. phantasticus (female; Boulenger 1899) 
and the populations of Cameroon and northern Gabon 
(cf. Amiet 2012; Amiet and Goutte 2017; Dewynter and 
Frétey 2019), which are characterized by yellow dorsal 
coloration without spots, only with dark canthal stripes, 
and the ventral side is ink-black only in the posterior 
parts (Amiet 2012; Boulenger 1899). These geographic 
differences in coloration have already been discussed 
(Amiet 2012; Kohler et al. 2005). We therefore propose 
to resurrect Hyperolius boulengeri Laurent, 1943 [type 
locality “Flandria (Tshuapa),” DRC; Laurent 1943] at 
the subspecies level as H. phantasticus boulengeri (new 
status) to account for geographic variation with the 
consistent color differentiation and genetic divergence 
(unpub. data; genetic data to be published elsewhere) 
of the central Congolian populations. It is possible that 
this taxon occurs as far west as southern Gabon and 
southwestern Republic of the Congo as the coloration 
of H. phantasticus in these regions (cf. Jongsma et al. 
2017; Largen and Dowsett-Lemaire 1991) roughly 
corresponds to individuals from central DRC. However, 
a phylogeographic study is needed to clarify the 
distribution range of this taxon and whether it deserves 
full species status. We have observed that this species is 
preyed upon by fishing spiders (Ni/us, Pisauridae), with 
a male of Phase F found as a prey item in May 2018 
(Badjedjea et al. 2019), and a male of Phase J as a second 
case in the dry season of August 2019. Interestingly, we 
observed a certain level of the fluorescent emissions in 
adult males of Phase J (Fig. 9B) upon illumination with 
a UV light (A, 395-400 nm), which agrees with the 
hypothesis of the existence of fluorescence in anurans 
with greenish-translucent skin (Taboada et al. 2017a,b). 
Fluorescence was not observed in males of Phase F. 
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HAylambates Duméril, 1853 


This genus of the subfamily Kassininae (while the 
previous genera are representatives of the subfamily 
Hyperoliinae) was known as Philyctimantis from the 
1950s until recently, when Dubois et al. (2021) pointed 
out the nomenclatural priority of the nomen Hy/ambates. 
These treefrogs have only rarely been encountered in 
Kokolopori. 


Hylambates verrucosus Boulenger, 1912 

Fig. 9G—H. 

Area: Bechuchuu, Yalokole. 

Season/survey: Wet (Nov 2018), dry (July 2020). 
Material: CSB:Herp:RNBK 810, 819, 820, 827; NMP- 
P6V 76085/1-2. 

Comments: Individuals of this species were found 
in forest swamps dominated by plants of the genus 
Lasimorpha (formerly known as Cyrtosperma). This 
semiaquatic plant is spiny and may provide some 
protection from the predators of these frogs. Three anuran 
species were abundant in this swampy environment, 
Aubria masako and Chiromantis cf. rufescens in addition 
to H. verrucosus. In our field experience in central and 
northeastern DRC, Hylambates is often syntopic with 
Chiromantis. 


Phrynobatrachidae 
Phrynobatrachus Giinther, 1862 


The systematics of Congolian Phrynobatrachus is poorly 
known. We have identified three morphologically similar 
species in our Kokolopori material, all belonging to the P. 
auritus species complex. The identification of these frogs 
is complicated by the high level of color polymorphism 
and variation in their color patterns. For example, light 
stripes may be missing or may occur medially or laterally, 
sometimes bright spots (e.g., green) are distributed in 
different places, etc. This species complex is currently in 
taxonomic revision (V. GvoZdik et al., in prep.). 


Phrynobatrachus cf. auritus Boulenger, 1900 

Fig. 10C. 

Area: Yalokole. 

Season/survey: Wet (May 2018). 

Material: CSB: Herp:RNBK 066, 101. 

Comments: The type locality of this species is far from 
the study site, in Equatorial Guinea (Sanchez-Vialas et 
al. 2020), thus this identification still needs to be tested 
by molecular methods. Individuals corresponding to 
this species were found only near the Eho stream, in the 
neighborhood of the Bandjangi swamp (used by local 
people to macerate cassava) at the edge of disturbed 
forest and farmbush, near Yalokole village. This record 
could indicate a higher level of tolerance to disturbed 
habitats, as the other two species were found only in 
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primary forest. The general coloration of this species 
appears to be rather lighter, with a mostly pale, whitish 
venter. 


Phrynobatrachus cf. giorgti De Witte, 1921 

Fig. 10B. 

Area: Bechuchuu, Yalokole. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 254, 718, 737, 761, 762, 
855, 856, 857, 858, 859, 860, 861; IVB-H-CD 18190, 
18237, 18238, 18283, 18284, 18297, 18298, 18300; 
possible hybrids: IVB-H-CD 18186, 18188. 
Comments: Individuals of this species morphologically 
correspond to the type material of P. giorgii. However, 
the type locality (Yambata) 1s north of the Congo River 
and therefore the identification must still be tested 
genetically. This species was found at several sites, 
always in primary forest and usually near small streams 
or swampy places in flooded forest. Some males were 
found calling from moist leaf-litter. Depending on the 
physiological conditions, this species may have smooth 
skin, but quite often has slightly warty skin. It is very 
variable in color tones (and patterns), but often has a 
lighter background (reddish to brown) suffused with 
black. One specimen (adult female) was very dark, 
almost black, on the dorsum and darkly marbled on 
a white venter. Adult males have black throats. This 
relatively small-sized species was found in syntopy with 
another Phrynobatrachus, a slightly larger and generally 
lighter species resembling P. auritus (P. sp. aff. auritus, 
see below). As some individuals had intergrading traits, 
it 1s possible that the two species hybridize, but this needs 
to be confirmed genetically. 


Phrynobatrachus sp. aff. auritus 

Fig. 10A. 

Area: Yalokole. 

Season/survey: Wet (May 2018, Nov 2018). 

Material: CSB:Herp:RNBK 107; IVB-H-CD 18185, 
18187, 18189, 18239. 

Comments: Only a few specimens of this presumably 
new species resembling P. auritus were recorded. All 
were found in primary forest, most of them syntopically 
with P. cf. giorgii in a swampy place surrounded by 
flooded forest on the bank of the Luo River. One 
specimen was found nearby, near the Bikongo stream in 
terra firma forest. The general coloration of this species 
seems to be lighter than in P. cf. giorgii, the venter is 
white, and the throat in adult males is gray or brownish 
but not deep black. 


Pipidae 
Hymenochirus Boulenger, 1896 


This genus is well known from aquaria (Kunz 2007; Rabb 
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Fig. 10. Phrynobatrachids (Phrynobatrachus), ptychadenids (Ptychadena), and a pyxicephalid (Aubria). (A) Phrynobatrachus 
sp. aff. auritus (male). (B) Ph. cf. giorgii (male). (C) Ph. cf. auritus (male). (D) Ptychadena aequiplicata (female). (E) Pt. 


christyi (male), extralimital specimen from Mosite (0.956°N, 23.560°E). (F) Pt. perreti (male). (G) Pt. sp. aff. mascareniensis 
(male). (H) Aubria masako (male). 
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and Rabb 1963), but wild populations are poorly known. 
Similarly, knowledge of the taxonomy of this genus is 
poor, with only four species currently listed (Frost 2021). 
The distribution of this genus is concentrated around the 
forested zone of Central Africa, from southern Nigeria to 
eastern DRC, and possibly westernmost Uganda. 


Aymenochirus cf. boettgeri (Tornier, 1896) 

Fig. 11A. 

Area: Bechuchuu, Yalokole. 

Season/survey: Wet (Nov 2018), dry (July 2020). 
Material: CSB:Herp:RNBK 831; IVB-H-CD 18216-— 
18220, 18308, 18397-18401, 18402-18406, 18410- 
18424, 18456-18465, 18480-18488, 18529, 18551. 
Comments: This species is common in Kokolopori, 
usually found in syntopy with Xenopus pygmaeus 
in stagnant water in forests, typically in pools at the 
periphery of flooded forest. The general appearance 
resembles the type of H. boettgeri (ZMB 11521), which 
was described from the Ituri Forest, northeastern DRC. 
Given the relatively distant type locality in a different 
ecoregion, we assume that this population may represent 
a distinct taxon. 


Hymenochirus cf. boulengeri De Witte, 1930 

Fig. 11B. 

Area: Yalokole. 

Season/survey: Wet (Nov 2018). 

Material: [VB-H-CD 18376, 18396, 18578-18580. 
Comments: Another species of Hymenochirus, but 
apparently much rarer, was found in shallow slow- 
flowing parts of a stream located at the edge of forest 
and farmbush. It was found in syntopy with the previous 
species, but this species was never found deeper in the 
forest. Similar to H. cf. boettgeri, the overall morphology 
of the Kokolopori individuals corresponds to the type 
material of H. boulengeri described from the forest- 
savanna mosaic in northern DRC (De Witte 1930). 
However, with respect to the relatively distant type 
locality, we refrain from making a definite identification 
of the species until further material has been examined. 


Xenopus Wagler, 1827 


Based on current knowledge, this species-rich genus of 
pipid frogs appears to be surprisingly represented by 
only a single species in the central Congo. However, the 
morphology of species of the X. amieti group, to which 
this single species belongs, is relatively uniform (Evans 
et al. 2015, 2019) so other overlooked species may be 
present. 


Xenopus pygmaeus Loumont, 1986 

Fig. 11C—D. 

Area: Bechuchuu, Yalokole. 

Season/survey: Wet (May 2018, Nov 2018), dry (Jul 
2020). 
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Material: CSB:Herp:RNBK 118, 160, 163, 219, 224, 
265, 316, 319-321, 325, 340, 341, 351, 352, 358, 371, 
372, 379, 401, 422, 821, 828-830, 845-853; IVB-H-CD 
18204—18215, 18314-18322, 18407-18409, 18479. 
Comments: This species is common in stagnant water, 
usually in swampy areas in forests. It is harvested as 
food to a limited extent, mostly by children and young 
people. We did not find tadpoles in the wild, but this 
species has been bred in captivity and a tadpole is shown 
in Fig. 11D. The general morphology corresponds to the 
typical Xenopus tadpole morphology (Channing et al. 
2012; Vigny 1979). Tadpoles reached a total length of 
49 mm (stage 42; Gosner 1960), with the tail (33 mm) 
approximately twice as long as the body (16 mm), and 
metamorphosed in 6—8 weeks. 


Ptychadenidae 
Ptychadena Boulenger, 1917 


Representatives of this genus are not very abundant in 
Kokolopori. Four species were recorded, mostly in and 
around villages in open habitats and/or farmbush and 
secondary forest. Only P. aequiplicata was mostly found 
in primary forest. Records of all four species represent 
significant geographic range extensions. Taxonomically, 
there is a great deal of confusion around the Congolian 
Species as discussed below. 


Ptychadena aequiplicata (Werner, 1898) 

Fig. 10D. 

Area: Bechuchuu, Yalokole. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 123, 735, 752, 803, 806, 
833, 834; IVB-H-CD 18293. 

Comments: Piychadena aequiplicata is characterized by 
extended dark (blackish) webbing and numerous shorter 
irregular dorsal glandular ridges/folds (Frétey et al. 
2011; Channing and Rodel 2019). This species has been 
reported from West Africa (with taxonomic uncertainty, 
possibly representing an undescribed species) to western 
Central Africa, and only from the westernmost margin of 
DRC (Channing and Rodel 2019; IUCN SSC Amphibian 
Specialist Group 2019). However, P. aequiplicata is 
relatively widespread in western to central DRC (unpub. 
data), and our records from Kokolopori represent a 
substantial geographic range extension eastward to the 
Central Congolian forests. We have also recorded this 
species further east, around Kisangani. It is possible 
that this species is even more widespread, distributed 
throughout the Congo Basin and entering Uganda. 
This is indicated by the published record from “Tturi: 
Madié” [= Medje, Haut-Uélé] (Boulenger 1919), if the 
identification was correct, and by photographs showing 
“P. christy’ (Channing and Rodel 2019: p. 341) from 
Budongo, Uganda (T.M. Doherty-Bone, pers. comm.), 
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Fig. 11. Pipids (Hymenochirus, Xenopus), ranids (Amnirana), and a rhacophorid (Chiromantis). (A) Hymenochirus cf. boettgeri 
(male). (B) H. cf. boulengeri (male). (C) Xenopus pygmaeus (female). (D)_X. pygmaeus, tadpole. (E) Amnirana cf. albolabris 
(male). (F) Amnirana cf. albolabris, dark morph with contrasting color pattern (male). (G) A. /epus (male). (H) Chiromantis cf. 
rufescens (male). 
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but morphologically corresponding to P. aequiplicata. 
This hypothesis needs to be further tested, but it is 
already evident that the species is distributed at least to 
central and northeastern DRC. Pitychadena aequiplicata 
is probably the most strongly associated with forest 
habitats of all the representatives of this genus. It appears 
to be relatively rare in Kokolopori, and it was only found 
in primary forest. 


Ptychadena christyi (Boulenger, 1919) 

Fig. 10E. 

Area: Bechuchuu, Yalokole, Yetee. 

Season/survey: Wet (Nov 2018), dry (Aug 2019). 
Material: CSB:Herp:RNBK 636, 637, 664, 720; IVB- 
H-CD 18306. 

Comments: This species is very poorly known and 
is somewhat enigmatic because some other species 
of Ptychadena have been misidentified as P. christyi. 
Here, we probably show the first published photograph 
of this species, as the photographed frog published by 
Noble (1924) does not conform to the morphology of the 
types of P. christyi. The frog in that figure (Noble 1924) 
resembles P. /ongirostris (Peters, 1870) from West Africa, 
which can indicate either a substantial range extension 
of this species or that a similar species has remained 
overlooked in northeastern DRC. Ptychadena christyi 
was described from “Madié (Itur1)” [= Medje, Haut-Uéelé] 
based on three males and one female (Boulenger 1919). 
One male syntype is located in BMNH (1947.2.2.59; 
formerly 1919.8.16.20); and two male and one female 
syntypes, together with one juvenile also marked as a 
type (although not listed in the original publication), are 
stored in RMCA (B.324—326: adults; B.311 juvenile). 
This species is characterized by its pronounced 
dorsolateral glandular ridges/folds and usually smooth 
dorsum, in contrast to most other Ptychadena species 
which have numerous distinct longitudinal dorsal folds. 
Some individuals bear additional short irregular dorsal 
and lateral folds, which are less conspicuous than the 
two dorsolateral ones. This is probably why P. christyi 
has sometimes been considered a close relative of, if not 
conspecific to, P. aequiplicata (Noble 1924). However, 
these two species are clearly different at first glance (cf. 
Figs. 1OD-E). Zimkus and Larson (2013) suggested that 
P. christyi may be conspecific with P. perreti. However, 
this assumption was based on P. perreti from Uganda 
which was misidentified as “P. christyi’ (per our own 
review of the data). Based on the material stored in 
RMCA and our own field observations, P. christyi is 
known only from the forested regions of northeastern 
DRC. The Kokolopori material thus demonstrates a 
geographic range extension to the south. It is not clear 
if the species has been reliably recorded from Uganda, 
despite reports of it from the country. Based on the 
available data, it seems that many if not all reports of 
P. christyi from Uganda were misidentifications (see 
above and accounts for P. aequiplicata and P. perreti). 
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In Kokolopori, we found P. christyi in puddles or pools 
on muddy roads formed after heavy rains, where they lay 
eggs. If the pools were near a bush, the frogs jumped 
out of the pools to hide in the bushes when disturbed. 
Some individuals were found in the primary forest at 
Bechuchuu, in a pirogue (dugout canoe) filled with water. 


Ptychadena perreti Guibé and Lamotte, 1958 

Fig. 10F. 

Area: Yalokole, Yetee. 

Season/survey: Wet (May 2018, Nov 2018). 

Material: CSB:Herp:RNBK 008, 029, 032, 051, 059, 
115, 127, 133, 134, 145, 148, 161, 180, 228, 396, 444, 
526, 640, 646; [VB-H-CD 18069, 18166, 18167. 
Comments: Ptychadena perreti was described from 
southern Cameroon (Guibé and Lamotte 1958), and is 
believed to be distributed in western Central Africa and 
north of the Congo River to northeastern DRC (Channing 
and Rédel 2019; IUCN SSC Amphibian Specialist Group 
2020). Our Kokolopori material provides evidence for a 
geographic range extension into the Central Congolian 
forests. Based on the publicly available genetic data 
(our own review of data), “P christyi’ from Uganda 
(Bundibugyo; GenBank No. GQ183595)_ represents 
misidentified P. perreti, proving evidence for the presence 
of this species also in western Uganda. Similarly, “P. 
bibroni” (or P. aff. bibroni) from Gabon (GenBank 
AY517604; Vences et al. 2004) and “P. cf. aequiplicata” 
from Cameroon (Mt. Kupe; GenBank KX671789; Portik 
et al. 2016) both represent misidentified P. perreti, 
as well as “Ptychadena sp. B” from the Republic of 
the Congo (Deichmann et al. 2017). In the past, this 
species was probably at least partially misidentified as 
“P. oxyrhynchus” (originally in the genus Rana) in the 
Congo, as the photograph published by Noble (1924) 
with this name most probably depicts P. perreti. All these 
past misidentifications have caused further confusion in 
the identification of this species. Ptychadena perreti 1s 
a widespread inhabitant of the forested zone of Central 
Africa. However, it is usually found in degraded forests, 
shrubs, and farmbush. In Kokolopori, we found it in 
swampy places along streams, usually in disturbed forest. 


Ptychadena sp. aff. mascareniensis 

Fig. 10G. 

Area: Yalokole, Yotemankele. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019). 

Material: CSB:Herp:RNBK 069, 080, 120, 149, 184, 
531, 641, 642, 643, 677, 678; IVB-H-CD 18221, 18226- 
18229, 18231, 18233-18235, 18272-18274. 
Comments: This species was usually found directly in 
villages, or nearby in periodical muddy pools formed 
after heavy rains. This species does not enter pristine 
forest, but can be found along streams in swampy places 
at forest edges. It may be syntopic with other Ptychadena 
species, e.g., P. perreti. The P. mascareniensis species 
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complex is distributed throughout sub-Saharan Africa, 
usually in open habitats, including human settlements and 
agricultural sites (R6del 2000). It enters forested regions 
along roads. Twelve evolutionary lineages were identified 
in a recent study (Zimkus et al. 2017), with only three of 
them named. In addition to P. mascareniensis comprising 
at least three evolutionary lineages from Réunion, 
Mauritius, Seychelles, and Madagascar, P. nilotica is 
known from southern to northeastern Africa, including 
eastern Africa, and P. newtoni is endemic to Sdo Tomé 
Island in the Gulf of Guinea. The remaining lineages have 
remained unresolved taxonomically (usually named P. 
cf. mascareniensis or P. “mascareniensis”, Frost 2021), 
treated as operational taxonomic units (OTUs). In DRC, 
P. nilotica and three OTUs (6, 8, 9) have been recorded, 
of which two have been found in forested lowlands 
(OTU 6 and OTU 8). From available data, it seems that 
OTU 8 is confined to the central and eastern Congolian 
forests (Zimkus et al. 2017). There is probably no name 
available for OTU 8. If it proves to be distinct, 1t needs to 
be described formally as a new species. 


Pyxicephalidae 
Aubria Boulenger, 1917 


This genus contains two species, but only one of them is 
distributed in the Congo Basin. 


Aubria masako Ohler and Kazadi, 1990 

Fig. 10H. 

Area: Bechuchuu, Yalokole. 

Season/survey: Wet (May 2018, Nov 2018), dry (Jul 
2020). 

Material: CSB:Herp:RNBK 253, 818, 822-826, 837; 
IVB-H-CD 18170, 18230, 18365, 18366. 

Comments: This species was described from the Masako 
Forest Reserve, near Kisangani, DRC (Ohler and Kazadi 
1990). It seems to be confined to swampy rainforests of 
the Congo Basin (Channing and Rodel 2019). There is 
an ontogenetic shift in the coloration of the venter, with 
juveniles having a black venter with white spots, later 
changing into gray with yellow spots, and finally to a 
mostly yellow venter. This robust frog occupies swamps, 
often in flooded forests, but sometimes in places where 
cassava is macerated by villagers. The local people of 
Kokolopori occasionally collect these frogs as bushmeat, 
especially children and women, but the collection is not 
intensive. Males were well hidden when calling, sitting 
in burrows under tree roots or even underwater. Their 
advertisement call resembles the sound of a pig. 


Ranidae 
Amnirana Dubois, 1992 


Two species of this genus were found in Kokolopori, one 
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present mostly in disturbed habitats, while the second 
was found only in forest. 


Amnirana cf. albolabris (Hallowell, 1856) 

Fig. 11E-F. 

Area: All. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 004—006, 011, 014, 015, 
017, 024, 026, 030, 039, 042, 046-049, 053, 055, 060, 
077, 079, 090, 097, 100, 102, 104, 106, 112, 166, 191, 
425, 427-430, 476-478, 502-504, 525, 529, 553-560, 
565, 566, 576, 607, 608, 650, 685, 708-710, 723-726, 
745-747, 753-755, 835, 836, 838, 862-865; IVB-H-CD 
18066-18068, 18083, 18084, 18171-18175, 18390. 
Comments: This species belongs to the taxonomically 
unresolved A. albolabris species complex (Jongsma et al. 
2018), distributed mostly in Central Africa from Nigeria 
to Uganda (Channing and Rodel 2019). The Kokolopori 
population probably belongs to the central Congolian 
evolutionary lineage. Some individuals have contrasting 
coloration with a dark dorsum, bright lips and spots on 
the flanks, and a distinctly marbled venter (Fig. 11F), a 
color pattern not known to us from other parts of Central 
Africa. However, most individuals are lighter and not 
as contrasting (Fig. 11E). This species was commonly 
found in most habitats, but especially in disturbed places 
near human settlements and along streams. This species 
does not seem to enter deeper primary forests. The 
tadpoles are contrastingly colored with black spots on a 
red background. The skin glands of tadpoles produce a 
poisonous secretion, making them unpalatable to most 
vertebrate predators (Channing et al. 2012). 


Amnnirana lepus (Andersson, 1903) 

Fig. 11G. 

Area: Yalokole, Yetee, Yotemankele. 

Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019). 

Material: CSB:Herp:RNBK 131, 155, 179, 209, 210, 
230, 419, 561-564, 567-569, 575, 609, 682-684, 686— 
689, 692, 693; IVB-H-CD 18052, 18064, 18065. 
Comments: This species is known from Cameroon to 
DRC, but has also recently been recorded in northern 
Angola (Jongsma et al. 2018; Ernst et al. 2020). 
Compared to A. cf. albolabris, it has been encountered 
relatively rarely in Kokolopori. It is more confined to 
forested habitats than the previous species. Females are 
much larger than males. 


Rhacophoridae 
Chiromantis Peters, 1854 
The only species of this genus, C. rufescens, is known 


from Central Africa. However, a recent phylogeographic 
study has shown that the north-central and eastern 
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Congolian population is relatively divergent (the 
estimated origin 1s dated to the Pliocene/Pleistocene 
boundary) and may represent a distinct species (Leaché 
et al. 2019). Representatives of this genus deposit eggs 
into foam nests attached usually to branches above water 
(Channing and Rédel 2019). The foam is produced from 
a secretion during oviposition by beating the secretion by 
both females and males, sometimes including multiple 
males. 


Chiromantis cf. rufescens (Ginther, 1869) 

Fig. 11H. 

Area: Bechuchuu, Yalokole, Yotemankele. 
Season/survey: Wet (May 2018, Nov 2018), dry (Aug 
2019, Jul 2020). 

Material: CSB:Herp:RNBK 218, 235, 255, 283, 538, 
539, 814-817; IVB-H-CD 18236. 

Comments: A relatively rarely encountered species in 
Kokolopori. Foam nests with adults sitting nearby were 
observed on vegetation in secondary forest during both 
the wet and dry seasons (May 2018, Jul 2020). Some foam 
nests were found almost on the ground near a swamp. It 
is not known how far into the Central Congolian forests 
this species is distributed, however some specimens in 
the RMCA are also from the more western province of 
Equateur. 


Discussion 


The fauna of the Central Congolian Lowland Forests 
ecoregion is one of the least-known faunas of terrestrial 
ecosystems in the world (Burgess et al. 2004). For 
example, a long-standing mystery is the alleged absence 
of caecilians (Nussbaum and Pfrender 1998). Whether 
caecilians are present remains unclear, but the amphibians 
of the Central Congo have never been studied in detail. 
The main reason for the lack of research is the ongoing 
recent socio-political instability, including civil wars, 
and the limited accessibility which persists to the present 
day (Anthony et al. 2015; Greenbaum 2017). 

Here we present the results of the first targeted, 
relatively long-term amphibian survey of the Central 
Congolian forests carried out in Kokolopori. The species 
identifications were based on careful examinations of 
new and available comparative material, including types. 
The surveys for amphibians used a variety of techniques, 
and the occurrence of caecilians was surveyed, but not 
confirmed, among local residents based on photographs 
of various African caecilians. During four field sessions 
lasting a total of 48 days in both the wet and dry 
seasons, 37 anuran species were detected (Figs. 4-11, 
Table 2). The amphibian fauna of Kokolopori is mainly 
represented by forest species, which are more widely 
distributed in the lowland rainforests of Central Africa. 
However, precise species identification was not always 
possible and indicates the likely presence of hitherto 
undescribed species, and thus some degree of endemism. 


Amphib. Reptile Conserv. 


No caecilians were found, nor did the local people claim 
to know of them. The local people mostly confused 
them with blind snakes or limbless skinks, which may 
indeed indicate the absence of caecilians in the Central 
Congolian forests. 

The species richness statistics estimated a total 
of 37-41 species (Fig. 3, Table 1), suggesting that 
our survey could be nearly complete. However, we 
assume that some rare or hard-to-detect species with 
cryptic ecology have probably been overlooked, e.g., 
Schigtz (2006) recorded one species not found in our 
surveys, H. brachiofasciatus (see below). Interestingly, 
approximately 75-80% of the species were recorded 
during each of the two-week surveys, suggesting that 
even just a single two-week intensive survey may have 
good potential for amphibian inventories in Afrotropical 
forests. On the other hand, the two-week surveys 
provided relatively poor data for statistical estimates of 
species richness, with large standard deviations and wide 
confidence intervals. However, the means converged to 
similar values, especially in the wet season analyses. The 
dry season analysis estimated a slightly lower number 
of species because the number of species observed was 
also slightly lower (27 species observed in the dry season 
compared to 30-31 during the wet-season sessions). The 
difference between the number of species observed in 
the dry and wet seasons is not large, but bear in mind 
that the dry season in Kokolopori is also relatively wet 
with occasional rains. In regions with a highly seasonal 
climate, the number of species observed and/or estimated 
in the dry season may be much lower than in the wet 
season. The relatively low number of species observed 
and estimated compared to some other Central African 
regions, such as the coastal forests around the southern 
Cameroon Volcanic Line (Herrmann et al. 2005; Nneji 
et al. 2021), can probably be attributed to the climatic 
history of the central Congo, which was subjected to 
severe droughts during the cyclic glacial periods of the 
Pleistocene (Maley 1987, 1991, 1996; Plana 2004). On 
the other hand, some degree of endemism must result 
from the persistence of riverine forest refugia in the 
region (Colyn et al. 1991; Leaché et al. 2019; Maley 
1996; Plana 2004). 

Most species recorded in Kokolopori were typical 
forest specialists, although habitat generalists also 
occurred to some extent. Among the most frequently 
encountered species were the scansorial Leptopelis 
ocellatus, _Congolius  robustus, and  Hyperolius 
phantasticus typically found on the forest edges or in 
forests, and Amnirana cf. albolabris frequently found 
in degraded habitats. The most abundant species on 
average was H. phantasticus (typically along streams at 
the forest edges), but its abundance was not so evident 
in the dry season. During the wet season, suitable 
breeding sites for amphibians, such as swamps, flooded 
forests, forest ponds, and temporary puddles, formed 
after rainfall around the rural complexes, and appeared 
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everywhere. The species compositions found in the wet 
and dry seasons were similar, but Leptopelis christyi was 
surprisingly found mainly in the dry season. This can be 
attributed to its ecological preference and adaptation to 
drier habitats (Amiet 2012). Some frogs were particularly 
abundant in primary forests with flooded terrain or 
swamps (e.g., Aubria masako, Hylambates verrucosus, 
Phrynobatrachus cf. giorgii, and pipids), while others 
were more commonly found in forests with high 
canopy cover and numerous streams (e.g., Arthroleptis, 
Cardioglossa, Leptopelis, Sclerophrys, and Ptychadena 
aequiplicata). Hyperoliids and Amnirana lepus were 
found mainly along streams at forest edges. Relatively 
few species were encountered within rural complexes 
(typically Ptychadena sp. aff. mascareniensis, and to a 
lesser extent P. christyi and P. perreti, but the latter were 
more commonly found in forests). Other species could 
be found in peripheral farmbush (e.g., Afrixalus cf. 
quadrivittatus and Amnirana cf. albolabris). Somewhat 
surprisingly, no typical synanthropic bufonids were 
found, although they are present almost everywhere in 
the Congo (e.g., Sclerophrys gutturalis, S. pusilla, and 
S. regularis). This is probably attributable to the well- 
preserved forests of Kokolopori and only small roads/ 
paths leading into the area. In line with this finding, 
the three Sclerophrys species recorded were obviously 
restricted to forest habitats. Two of them could not be 
identified to described species. In addition to the two 
Sclerophrys toads, some other anurans, especially some 
squeakers (Arthroleptis), also could not be identified to 
species (Table 2). Some other taxa deserve taxonomic 
revision and elevations from subspecies to species status 
may be expected (e.g., Leptopelis and Hyperolius; Table 
2). Our records of some species from Kokolopori represent 
geographic range extensions (see Species Accounts). 
Most importantly, Arthroleptis phrynoides, Leptopelis 
calcaratus meridionalis, and L. ocellatus schiotzi are 
reported here for the first time since their descriptions 
(Laurent 1973, 1976a). Other interesting observations 
worth mentioning include the biofluorescence observed 
in male Hyperolius phantasticus boulengeri with Phase 
J, which is consistent with the previous observations 
on the presence of fluorescence in frogs with greenish- 
translucent skin (Taboada et al. 2017a,b). To our 
knowledge, this is the first documented case in an African 
anuran. 

Comparing our survey results with those of other 
published surveys of the Central Congolian Forests 
ecoregion (Penner and Rodel 2007: Lokutu; Schietz 
2006: Kokolopori, Hyperolius only), our survey recorded 
almost twice as many amphibian species as in Lokutu 
and two more species of Hyperolius (although we 
did not find one other species, see below). Penner and 
Rodel (2007) recorded 21 species during 13 days and 14 
nights in the wet season (October/November) in Lokutu, 
which is only about 120 km north of Kokolopori. In 
our two survey sessions in the wet season, we recorded 
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30 and 31 species respectively over 15 days (Table 1). 
The lower number of species observed in Lokutu may 
be attributable to various factors, but most probably to 
the more degraded habitats there. After re-evaluation 
of the taxonomy, the species diversities recorded in 
the Lokutu region and Kokolopori were similar. They 
differed mainly in that several predominantly forest 
genera (Arthroleptis, Aubria, Chiromantis, Congolius, 
Hylambates, Hymenochirus, and Xenopus) were 
not recorded in Lokutu, but on the other hand some 
taxa known to occur commonly in disturbed areas 
were recorded (e.g., synanthropic Sclerophrys toads, 
Amnirana galamensis, Hoplobatrachus occipitalis, and 
Ptychadena cf. taenioscelis). Penner and Rodel (2007) 
also found a surprisingly low number of Hyperolius 
species, with “H. cf. /ateralis” (occurring in eastern 
DRC and East Africa; Channing and Rodel 2019) being 
a likely misidentification. Hypero/ius in Kokolopori was 
studied by Schigtz (2006). He did not record H. cf. langi 
(although he probably discussed this taxon as H. kuligae, 
from elsewhere in the central Congo), which was found 
to be rare in our survey, and he misidentified H. cf. 
cinnamomeoventris as light morphs of H. platyceps (for 
more details, see Species Accounts). On the contrary, 
he found one additional species, a single female of 
H. brachiofasciatus Ahl, 1931 collected in farmbush in 
syntopy with two other Hyperolius species. Since Schietz 
found only the single individual and we did not record 
this species, it seems likely that H. brachiofasciatus 1s 
rare in Kokolopori. This taxon is very poorly known, with 
few reports apart from its description (Ahl 1931; Jackson 
and Blackburn 2007; Kielgast and Lotters 2011; Masudi 
et al. 2019; Schiotz 2006). However, its morphology is 
strikingly reminiscent of the H. tuberculatus complex, to 
which it likely belongs, and may even represent an older 
synonym of later described taxa such as H. ghesquieri 
Laurent, 1943 or H. hutsebauti Laurent, 1956. This 
hypothesis will require further verification. 

Future descriptions and taxonomic revisions of the 
above listed and discussed candidate species (potentially 
new species to science; Table 2) will make an important 
contribution to our understanding of the amphibian 
fauna of Central Africa, and will further highlight the 
biodiversity and biogeographic importance of the central 
Congo. Despite the relatively low species richness, our 
results suggest that the Central Congolian Lowland 
Forests ecoregion harbors a unique and partially endemic 
amphibian fauna that is distinct, to some extent, from the 
anuran fauna to the north, east, and west of the wide arc 
of the Congo River. 

The Central Congolian forests are relatively well 
preserved (Laporte et al. 2007; Mayaux etal. 2013), which 
is a consequence of the region’s remoteness, limited 
accessibility, and low human population. Kokolopori is 
not directly connected by roads or rivers to large timber 
markets such as those in Kisangani, Mbandaka, or 
Kinshasa (pers. obs.), which supports the good condition 
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of the Kokolopori forests. However, some disturbances 
from small-scale human activities are present in the 
reserve, especially subsistence agriculture, including 
slash-and-burn farming, and the presence of human 
camps associated with poaching. To strike a balance 
between the needs of the human population and nature 
conservation, a new reserve delineation is currently 
being prepared which focuses mainly on the primary 
forest (A.L. Lokasola 2020, pers. comm.). Our results 
can serve as a basis for future monitoring of amphibians, 
assessment of their population status, and conservation 
management planning and strategies in the Kokolopori 
Bonobo Nature Reserve and surrounding regions. The 
community-based conservation in Kokolopori may 
provide a good example for other areas in the Central 
Congolian forests and throughout the Democratic 
Republic of the Congo. 
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Sex hormones in the Axolotl, Ambystoma mexicanum: 
potential method for sex determination 
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Abstract.—Axolotls, Ambystoma mexicanum (Shaw and Nodder 1798), are a Critically Endangered, aquatic 
salamander species. Despite being imperiled in the wild, laboratory colonies are bred extensively for 
developmental and embryological research. Verifying the sex of young-of-year would benefit researchers and 
culturists especially when organisms take a long time to develop or become sexually mature. In this study, 
we investigated whether steroid hormone metabolites (i.e., testosterone, 17B-estradiol) could be measured 
in three age classes of axolotls (classified as juvenile, sub-adults, and adults). Our objectives were firstly to 
validate whether significant levels of steroid metabolites could be detected in axolotis at various developmental 
stages using a previously unexplored method of extraction. Secondly, if significant levels of hormones were 
detected, could we differentiate between the sexes of adults by examining differences in the concentrations of 
steroid hormone metabolites? Steroid hormone analysis of tissue samples determined both testosterone and 
17B-estradiol were present in detectable concentrations in all age classes. There was no significant difference 
in estradiol between females and males (t [11] = 0.89, p = 0.3881), however testosterone concentrations were 
approaching significance (t [10] = 1.81, p = 0.0569) with females having over twice as much testosterone (x 
= 0.36 + 0.07 ng/mL, n = 7) compared to males (x = 0.17 + 0.04 ng/mL, n = 5). There was not a significant 
difference (t [10] = 1.81, p = 0.1112) in the ratio of testosterone to estradiol between sexes. The presence of 
these hormones in earlier developmental stages was also confirmed providing the prospect that hormone 
changes can be tracked over the course of sexual development. 
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Introduction for axolotls and other salamanders, knowing the sex 
of individuals early in their development can play an 
Ambystoma mexicanum (Shaw and Nodder 1798), the — essential role in conservation planning. Determining 
axolotl, is native to Lake Xochimilco, a high-altitude | sex at a younger age benefits researchers and culturists, 
lake in the Central Valley of Mexico. The expansion — especially when individuals take a long time to develop 
of agriculture and human development, compounded and become sexually mature. Additionally, verifying the 
with the effects of deteriorating water quality and sex of young-of-year can be crucial in understanding 
the introduction of non-native fish, has decimated A. demographics in field studies. Having to wait until 
mexicanum populations (Recuero et al. 2010; Alcaraz maturity to ascertain the impacts of environmental 
et al. 2015; Contreras et al. 2009), such that the species conditions is not conducive to developing feasible and 
is listed as Critically Endangered (Shaffer et al. 2004; — relevant conservation methods. By decreasing the time 
Zambrano et al. 2010; Eisthen and Krause 2012). Few __ it takes to determine sex, management efforts can be 
individuals exist outside of captivity with many axolotls — greatly expedited and both captive reproductive efforts 
kept as exotic pets or maintained in laboratory colonies and field assessments can be improved.. 
where they are used as model organisms for biological One method of identifying sex of anuran amphibians 
research (Contreras et al. 2009). is through hormone monitoring using urinary and fecal 
Captive breeding and reintroduction programs are — steroid hormonal immunoassays (Germano et al. 2009, 
being used to address dwindling wild populations and 2012; Hogan et al. 2013; Narayan 2013; Graham et al. 
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2016). These studies infer that these endocrinological 
methods could be implemented for identifying sex 
in salamanders and caecilians. To that end, our 
objectives in this study are to determine whether 
hormone measurements are reliable methods for 
identifying sex in salamanders. We investigated steroid 
hormone metabolites in three age classes of axolotls, 
A. mexicanum (Shaw and Nodder 1798), (classified 
as juvenile, sub-adults, and adults) with the goal of 
developing protocols for quantifying sexual hormones. 
Previous methods for quantifying steroid metabolites 
in axolotls required highly invasive procedures that 
resulted in termination of the experimental subjects 
(Eisthen and Krause 2012). Our goals were to develop a 
procedure which posed minimal risk for the subjects that 
could reliably quantify steroid hormone concentrations 
in the three age classes, as defined above. Prior to this 
study, we attempted to develop methods for extracting 
urinary and fecal samples from axolotls. However, 
we were unable to consistently collect adequate 
volumes of urine and fecal matter which could reliably 
quantify steroid metabolites so this study focuses on 
tissue samples. Second, we explored the possibility 
of differentiating between females and males by 
examining differences in the concentrations of steroid 
hormone metabolites (testosterone and 17 -estradiol 
[hereafter estradiol]) and calculating differences in the 
ratio of the concentrations of testosterone to estradiol. 
Both objectives are an attempt to develop a foundation 
for verifying sex of axolotls at an earlier age class. 
Verifying the sex of juvenile axolotls, a surrogate for 
other salamanders (especially Ambystoma species), may 
aid in the management of various species of concern. 


Materials and Methods 


Animals 


We used 13 reproductively mature adult A. mexicanum 
that were maintained at the Warm Springs Fish 
Technology Center in Warm Springs, Georgia, USA. 
Of these, five were verified male subjects (snout-vent 
length [SVL] = 145.7 mm + 10.0 mm), and eight were 
verified female subjects (snout-vent length = 138.0 mm 
+99 mm). We obtained 16 A. mexicanum of unknown 
sex from the Ambystoma Genetic Stock Center (AGSC) 
at the University of Kentucky and classified these either 
as sub adults (SVL= 115.0 mm+3.9 mm; approximately 
8 to 10 months old) or juveniles (SVL = 99.9 mm + 
2.2 mm; approximately 5 to 6 months old). From these 
individuals, we chose six sub-adults and six juveniles 
for this study. The adult females, adult males, and sub- 
adults were housed in individual tanks, while juveniles 
were housed in tanks with other individuals which were 
of similar size and age. All tanks were supplied with 
a Steady flow of fresh spring water at a rate of ~0.5 L/ 
min. The axolotls were fed a standard pellet diet three 
to four days per week (three pellets twice a day when 
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fed). Food pellets, “soft-moist” pellets (5 mm in size) 
were made by Rangen, Inc. and were purchased from 
the AGSC. 


Tissue Collection and Steroid Tissue Extraction 


Toe clips provided tissue samples from eight adult female 
subjects, five adult male subjects, and six sub-adults of 
unconfirmed sex and six juveniles of unconfirmed sex. 
Prior to sample collection, the animals were transferred 
to buckets containing an anesthetic bath prepared with the 
standard protocol for anamniote vertebrate sedation using 
tricaine mesylate (MS-222). Each bath was prepared at 
room temperature with 200 mg/L MS-222 in fresh tap 
water. The pH of each bath was neutralized using NaOH, 
which has previously been found to increase anesthetic 
efficacy and reduce stress in amphibians (Robinson and 
Scadding 1983). The bath was aerated with a solitary 
pump while organisms occupied the bath. Toe clips 
are a standard marking method for amphibian subjects 
in ecological studies and have not been shown to have 
a significant detrimental effect on other Ambystoma 
species (Otto and Scott 1999). Based on the extensive 
research on limb regeneration in A. mexicanum, it was 
assumed that when executed with extreme care, toe clips 
would not have a damaging effect on this species. Steroid 
hormones are more likely to be stored in the bone than 
the skin, and to maximize the amount of steroid hormone 
that would be found in each sample, the middle digit of 
the right forelimb was clipped on every subject. This is 
the longest digit with the most bone, so it 1s assumed this 
is the most efficient method of obtaining bone samples 
while minimizing risk to the organism. 

Samples were processed using the protocol developed 
by Arbor Assays for steroid tissue extraction but modified 
for small sample volumes. Samples were dried at 70 
°C for four hours. Samples were weighed periodically 
until constant weight was reached, and they were 
completely dry. Samples were homogenized by mortar 
and pestle and 1.0 g of each sample was transferred 
to new microcentrifuge tubes. To each tube, 10 ml of 
acetonitrile was added, and then the tube was sealed, and 
vortexed thoroughly. To determine extraction efficiency, 
one randomly chosen sample was split into two tubes and 
10 uL of either 100,000 pg/mL estradiol or 200,000 pg/ 
mL testosterone was added in addition to acetonitrile. 
All samples were centrifuged at 4,700 rpm at 4 °C for 
15 minutes The supernatants of the centrifuged samples 
were transferred to clean 15 mL conical tubes and frozen 
at 4 °C overnight. The samples were gradually thawed 
over two hours. Once thawed, solvents were extracted 
using organic phase separations. To each sample, 30 
ml of hexane was added and the sample was vortexed 
for two minutes. The solution was transferred to a 
separatory funnel, and the supernatant was transferred to 
a clean tube while the top layer of hexane was discarded. 
The supernatant which still contained acetonitrile was 
evaporated to dryness in Speed Vac over the course of two 
hours. The dried, extracted samples were reconstituted 
using 100 uL of ethanol and then diluted with 450 uL of 
Assay Buffer provided in the enzyme immunoassay kit 
from Arbor Assays (Ann Arbor, Michigan, USA). 
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Hormone Enzyme Immunoassays and Analysis 


The reconstituted tissue samples were immediately run 
on DetectX Testosterone ELISA kit (Cat. # K032-H1, 
Arbor Assays, Ann Arbor, Michigan, USA) and 178 
Estradiol ELISA kit (Cat. # KO30-H1, Arbor Assays, 
Ann Arbor, Michigan, USA) based on instructions 
provided in the kit. Serially diluted samples were 
run alongside samples on each plate. All samples 
and standards were run in duplicate. Plates were read 
at an absorbance of 450 nm on a microplate reader. 
Concentrations were calculated from a standard curve 
using 4PLC fitting software provided by the free 
online software MyAssays, Ltd. For both enzyme 
immunoassays, one sample was extracted twice with a 
standard concentration of steroid hormone added to one 
portion of the sample to test extraction efficiency. Blank 
wells were run on each plate as a control. Concentrations 
that fell outside the range of the standard curve were 
excluded from the analysis. 


Data Analysis 


Statistical analyses were conducted using Minitab® 
Statistical Software. Testosterone and_ estradiol 
concentrations were compared between adult males 
and adult females using Student’s t-tests. The ratios 
of testosterone:estradiol across categories were also 
compared using Student’s t-tests. Extraction efficiency 
was calculated according to each steroid metabolite kit. 


Results 


Two of the 27 samples were not processed due to low 
sample weight after drying. The extraction efficiencies 
were 46.3% for estradiol extraction and 6.7% for 
testosterone extraction. The limit of detection for the 
testosterone kit was 0.031 ng/mL and the limit of 
detection for the estradiol kit was 0.027 ng/mL. All 
samples read were above these limits. The regression 
slopes were parallel to the standard curve for both 
estradiol (R? = 0.998) and testosterone (R? = 0.997). 
The intraassay coefficients of variation for estradiol and 
testosterone were 11.4% and 34.9%, respectively. To 
minimize variation in testosterone, it is suggested that 
extraction efficiency be maximized and an increase in 
serial dilutions be implemented. 

Estradiol concentrations for females varied from 0.69 
to 1.47 ng/mL, with a mean (+S.D.) of 1.56+0.23 ng/mL, 
while estradiol concentrations for males ranged between 
0.50 and 1.31 ng/mL, with a mean of 0.88 + 0.38 ng/ 
mL. Estradiol for subadults was between 0.49 and 1.27 
ng/mL, with a mean of 0.78 + 1.12 ng/mL, whereas for 
juveniles it was from 0.66 to 1.68 ng/mL, with a mean of 
1.05 + 1.57 ng/mL. Estradiol concentrations were higher 
than testosterone concentrations (Table 1), however 
there was no significant difference in estradiol between 
females and males (t [11] = 0.89, p = 0.3881). 

Testosterone concentrations for females were between 
0.15 and 0.63 ng/mL, with a mean of 0.359 + 0.18 ng/ 
mL, while testosterone concentrations for males ranged 
0.07 to 0.28 ng/mL, with a mean of 0.17 + 0.09 ng/ 
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mL, and differences in testosterone concentrations 
between the sexes were significantly different at the p = 
0.0569 level (t [10] = 1.81). The range of testosterone 
concentrations for subadults was 0.17 with a mean of 
0.66 ng/mL, 0.30 + 0.75 ng/mL, and 0.15 with a mean 
of 0.45 ng/mL, 0.24 + .05 ng/mL for juveniles. The ratio 
of testosterone:estradiol concentrations did not differ 
significantly between adult females and adult males (t 
[10] = 1.81, p=0.1112). 


Discussion 


This study establishes a viable protocol for collecting 
tissue samples that can be analyzed for steroid hormone 
metabolite content. In addition, our findings validate the 
modified steroid extraction protocol developed for this 
study as both testosterone and estradiol were present in 
detectable concentrations in the collected tissue samples. 
The presence of these hormones in earlier developmental 
stages was also confirmed, providing the prospect that 
hormone changes can be tracked over the course of sexual 
development. All estradiol concentrations for females 
fell within previously reported ranges (0.2—2.8 ng/mL) 
(Eisthen and Krause 2012), while testosterone levels in 
males were lower than previously reported (0.2 to 0.8 
ng/mL, Eisthen and Krause (2012)) potentially resulting 
from the lower testosterone extraction efficiency (6.7%) 
(Jacobs and Kuhn 1988). 

It may be possible to determine sex based solely on 
steroid hormone concentrations. Female axolotls had 
over twice as much testosterone than males (on average), 
however ranges of this hormone overlapped between 
the sexes, so these results must be viewed with caution. 
Future studies with a larger sample size and with methods 
that optimize extraction efficiency would potentially 
yield discernable differences in concentrations. 

Previous studies on axolotls required dissection of 
the organism or invasive techniques which resulted in 
the termination of the subject to measure hormone levels 
(e.g., Eisthen and Krause 2012). In this study, all subjects 
survived the toe clip procedure, and no significant 
detriment occurred in any animals from the loss of the 
digit. This suggests that this procedure might be both 
a reliable and feasible method for steroid hormone 
measurement. 

This study can serve as a basis for research into 
the environmental sex determination interests of the 
Species, and consequently the concern for alterations 
of sex ratios in amphibian populations that might result 
from rearing/growth in different water temperatures. 
Axolotls are known to have a genetic sex determination 
system, referred to as the ZZ/ZW system, with females 
being the heterogametic sex (Armstrong and Malacinski 
1989). Research by Bodney (1982) determined that 
increased levels of estradiol benzoate in water would 
induce sexual role reversal in male axolotls. Humphrey 
(1948) examined the functional role reversal of adult 
female axolotls due to the implementation of male sex 
structures. Further, Eisthen and Krause (2012) found 
that several environmental factors influenced estradiol 
levels in axolotl females but not in males. These studies 
show that axolotls have a flexible sexual system, 


February 2022 | Volume 16 | Number 1 | e302 


Potential sex determination in Axolotls 


Table 1. Table of raw data for the estradiol (E) and testosterone (T) concentrations (ng/mL) of all tissue culture samples that were 
processed and analyzed via enzyme immunoassay as well as the ratios of the concentrations (T:E). Concentration marked with 
double asterisk (**) indicates the sample was out of range of the standard curve. 


Subject Female Male 
E T T:E E T 
1 0.857 0.373 0.435 1.242 0.285 
2 1.466 + n/a 1.310 0.086 
3 0.966 0.633 0.655 0.557 0.206 
4 FO125 “01559 “105525 5015 90.071 
5 1.039 0.151 0.145 0.803 0.208 
6 1143 0.251 0.241 - . 
7 1.176 0.337 0.287 - - 
8 0.693 0.215 0.310 - - 


suggesting the determination of sex can be influenced by 
environmental conditions. Hopefully, our research can 
provide a foundation for the understanding of hormones 
and sexual development and assist future investigations 
of how climate changes influence sexual determination 
and sex role reversal in A. mexicanum. 
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Abstract.—Global warming and the decline in precipitation threaten wetlands worldwide, and lakes in some 
regions are in the process of drying. Amphibians, since they are water-dependent, will be the creatures 
most affected by the rapid habitat losses due to climate change. Especially for amphibian species which are 
endemic, the situation will be more serious in terms of its impact on biodiversity. Therefore, in this study, we 
determined the climate characteristics specific to the habitats of an endemic amphibian species, Pelophylax 
caralitanus. According to the Representative Concentration Pathways (RCP) climate change scenarios of the 
ICPP, we analyzed whether the climatic characteristics specific to these habitats will exist in 2050 and 2070 
under the criteria of RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5. The results are quite alarming for Pelophylax 
caralitanus. According to the RCP climate change scenarios, the climatic conditions in the present habitats of 
this endemic amphibian species will not remain stable in that the potential habitats in Southwestern Anatolia 
will be dramatically reduced and the appropriate habitats of P. caralitanus around the Turkish Lake District will 
completely disappear, while some new potential habitats will emerge in the Northwest Aegean region of Turkey. 
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Introduction 


The Beysehir Frog, Pelophylax caralitanus, is an 
endemic species of Turkey which is distributed across the 
Mediterranean region of Turkey called the Turkish Lake 
District (Arikan et al. 1994; Ayaz et al. 2006; Baskale et 
al. 2017; Dusen et al. 2004; Kaya et al. 2002). According 
to the literature on the distribution of P. caralitanus, it 
inhabits permanent wetlands with rich aquatic vegetation, 
including permanent ponds, rain pools, streams, rivers, 
and irrigation channels. Pelophylax caralitanus prefers 
abundant vegetation around lakes and ponds as habitats 
(Baskale and Capar 2016). In particular, emergent 
vegetation present in the water and the presence of 
bushes and weeds around the water body constitute an 
ideal area for the release of eggs and seeking shelter from 
predators. Pelophylax caralitanus is listed by IUCN as 
Near Threatened (NT) because of ongoing threats from 
habitat loss and overexploitation (Oz et al. 2009). Since 
it has a relatively wide distribution and presumed large 
populations, it is unlikely to experience declines that are 
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rapid enough to qualify it for listing in a higher Red List 
category. 

Climate change is one of the greatest problems 
threatening biodiversity and ecosystems in the 21" 
century, leading to the extinction of many species 
(Sinervo et al. 2010; Walther et al. 2002). The habitat 
preferences of amphibians are closely related to 
temperature, precipitation, and wetlands, so amphibians 
are one of the most sensitive animal groups to changes in 
climatic conditions (Enriquez-Urzelai et al. 2019; Ortiz- 
Yusty et al. 2013). Temperature was found to be positively 
correlated with the detection probability of P. caralitanus 
(Baskale and Capar 2016). Wetland ecosystems, in which 
amphibians complete their life cycles, are among the 
areas most affected by climate change, which creates 
inhospitable conditions for amphibian reproduction 
(Desta et al. 2012; Hopkins 2007). According to the 
literature, the losses of amphibian habitat will be 
high due to the increase in annual temperatures in the 
Mediterranean basin, and it is predicted that there will be 
new gains in the north (Araujo et al. 2006). In addition 
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to the difficulties amphibians face from possible climatic 
changes, the pathogens that cause amphibian deaths, 
such as Batrachochytrium dendrobatidis in the southern 
part of the world, have been detected with increasing 
frequency in the north due to climate change (Berger et 
al. 1998; Cohen et al. 2019; Erismis et al. 2014). 

The IPCC (Intergovernmental Panel on Climate 
Change), which has been investigating climate change 
for 30 years, presented new climate change scenarios 
under the name of “Representative Concentration 
Pathways” (RCP) in its Fifth Assessment Report (IPCC 
2014). These scenarios estimate that global warming 
will change atmospheric CO, concentrations by 2100 to 
levels of 1,370 ppm for the RCP 8.5 scenario, 850 ppm 
for RCP 6.0, 650 ppm for RCP 4.5, and 490 ppm for 
RCP 2.6. These scenarios predict that temperatures in the 
world may increase by anywhere from 1.5 °C to 5.8 °C 
(IPCC 2014). 

It is important to know the climatic requirements of a 
species in order to predict how that species will respond 
to climate change. The MaxEnt approach and software 
have been widely used in recent years to determine the 
current climatic demands of a species and to predict 
changes in that species’ habitats in the future (Hendrick 
and McGarvey 2019; Kirag and Mert 2019; Untalan et al. 
2019; Zhang et al. 2018). MaxEnt gives more accurate 
results with less data in smaller areas compared to 
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Fig. 1. Turkish Lake District and species presence data. 
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other methods, e.g, DOMAIN, BIOCLIM, and GARP 
(Hernandez et al. 2006; Wisz et al. 2008). In addition, 
MaxEnt allows categorized and continuous data to be 
processed together (Phillips et al. 2006; Phillips and 
Dudik 2008) and it creates habitat suitability maps in 
addition to the outcome outputs (Elith et al. 2006, 2011; 
Hernandez et al. 2006, 2008). 

The aim of this study is to investigate the ecological 
niche of P. caralitanus and evaluate the consistency 
and variations in the predicted potential distributions 
of this endemic species in the Turkish Lake District in 
the Southwest of Turkey under the IPCC’s four future 
climate scenarios (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 
8.5). The results will help us to understand how this 
endemic amphibian species will experience the effects of 
climate change in relation to distributional shifts. 


Materials and Methods 


Study site. The Turkish Lake District (Fig. 1) is located 
in Southwest Turkey and includes the western part of the 
Taurus Mountains. This region contains many different 
tectonic water bodies such as Beysehir Lake, Egirdir 
Lake, Burdur Lake, Aksehir Lake, Salda Lake, and 
Acig6l Lake. The Turkish Lake District is a transitional 
region between the Mediterranean and continental 
climates (Baskale et al. 2017; Dusen et al. 2004). 
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Data collection. Presence data for P caralitanus were 
recorded from 89 sites in the Turkish Lake District area 
based on our field studies performed between 2010 
and 2016, as well as previously published papers (..e., 
Ayaz et al. 2006; Baskale and Capar 2016; Baskale et 
al. 2017; Dusen et al. 2004; Kaya et al. 2002) (Fig. 1). 
The sampling sites and their coordinates are given in 
Appendix 1. Sampling from habitats during this study 
was approved by the General Directorate of Nature 
Conservation and Natural Parks in the Ministry of 
Agriculture and Forestry, Turkey (protocol number 
18.10.2010/61288) and the Animal Care and Use 
Committee at Pamukkale University (protocol number 
20.09.2010-PAUHDEK-2010/021). Individuals of the 
target species were identified in their natural habitats 
and were not exposed to stress. No measurements or 
experiments were performed on the species. 


Bioclimatic data. The current bioclimatic data (Biol 
to Biol9, for years 1950-2000) were downloaded from 
version 1.4 (30 arc-sec, or ~1 km) of the WorldClim 
website (http://worldclim.org, Hijmans et al. 2005). The 
varible definitions are given in Table 1. In Version 1.4, 
HadGEM72-ES (30 arc-sec, or ~1 km) based data for 19 
bioclimatic variables were available for the future (2050 
and 2070) climate projections based on the RCP 2.6, 
RCP 4.5, RCP 6.0, and RCP 8.5 scenarios. These data 
sets are provided on a global scale, and were optimized 
to the size of Turkey with the help of ArcGIS 10.2 and 
converted to ASCII format. 


Habitat suitability model. Due to the narrow study 
area, high correlations can exist between bioclimatic 


variables which may pose a problem during the analysis. 
To eliminate the problem of multi-collinearity, we 
applied Pearson Correlation Analysis (1? < 0.8) for the 
19 bioclimatic variables. If a pair of variables has a 
correlation coefficient of greater than 0.8, they were 
considered to both represent a similar phenomenon, 
so one of the pair of variables was excluded from the 
analysis. 

MaxEnt 3.4.1 software was used to estimate the 
climatic conditions limiting the current distribution of 
P. caralitanus and to compare the current situation with 
future climate scenarios (Phillips etal. 2017). The presence 
data of P. caralitanus in CSV format were entered into the 
“Samples” section of MaxEnt 3.4.1 software. The current 
bioclimatic data in ASCII format were entered into the 
“Environmental layers” section. Then, 2050 and 2070 
bioclimatic data files (RCP 2.6, RCP 4.5, RCP 6.0, and 
RCP 8.5) were entered in the “Projection layers directory/ 
file” section to compare the future scenarios. MaxEnt 
analysis was run using 90% of the records as training 
data to build the model and the remaining 10% for testing 
the model. Ten repetitions were made for each model so 
that different training and test data would be processed in 
the analysis. Any bioclimatic variables (Biol to Biol9) 
that did not contribute to the model obtained as a result 
of the analysis, were excluded in the next analysis. 
Replicated run type Crossvalidate was selected for the 
analysis along with the settings: maximum iterations 
500, convergence threshold 0.00001, log file maxent.log, 
and the default prevalence was set to 0.5. The analysis 
process continued until the best model was obtained. We 
used the “Area under the receiver operating characteristic 
(ROC) curves” (AUC) values to determine the best 


Table 1. Bioclimatic variables obtained from the WorldClim website (http://worldclim.org). 


Code Bioclimatic variables Unit 
Biol Annual Mean Temperature Ae 
Bio2 Mean Diurnal Range (Mean of monthly (max temp - min temp)) io 
Bio3 Isothermality ((Bio2/Bio7) * 100) unitless 
Bio4 Temperature Seasonality (standard deviation * 100) CofV 
Bio5 Max Temperature of Warmest Month °C 
Bi06 Min Temperature of Coldest Month °C 
Bio7 Temperature Annual Range (Bio5-Bio06) AS 
Bio8 Mean Temperature of Wettest Quarter ae 
Bio9 Mean Temperature of Driest Quarter Ae 
Biol0 Mean Temperature of Warmest Quarter °C 
Biol] Mean Temperature of Coldest Quarter "eC 
Biol2 Annual Precipitation mm 
Biol3 Precipitation of Wettest Month mm 
Biol4 Precipitation of Driest Month mm 
Biol5 Precipitation Seasonality (Coefficient of Variation) CofV 
Biol6 Precipitation of Wettest Quarter mm 
Biol7 Precipitation of Driest Quarter mm 
Biol8 Precipitation of Warmest Quarter mm 
Biol9 Precipitation of Coldest Quarter mm 
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Fig. 2. Variables with the highest contributions to the potential distribution of P. caralitanus according to MAXENT with the 
standard errors in blue. The Y-axis indicates the probability of presence (based on the Cloglog, or complementary log-log transform, 


values) and the X-axis shows the contribution of each variable. 


model performance. An AUC value close to | indicates 
that the model is in a perfect performance and a value 
of 0.7 or higher indicates that the model is descriptive, 
while a value of 0.5 indicates that the model does not 
provide useful information (Phillips et al. 2006). Among 
the models with the highest AUC values, the one with the 
lowest standard deviation was selected as the best model. 


Results 
The results of the analysis indicate that the AUC value 


of the training data is 0.965, while the test data AUC 
value is 0.964, and the standard deviation is 0.012. We 
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found that the climatic factors limiting the distribution of 
P. caralitanus were: Bio4 (percent contribution: 22.3%, 
Temperature Seasonality), Bio6 (16.4%, Min Temperature 
of Coldest Month), Bio7 (17.9%, Temperature Annual 
Range), Bio&8 (19.9%, Mean Temperature of Wettest 
Quarter), Biol4 (15.5%, Precipitation of Driest Month), 
and Biol7 (8%, Precipitation of Driest Quarter). 
According to these results, P. caralitanus prefers habitats 
with precipitation in the driest months, and those where 
the average temperature of the coldest three months does 
not fall below -5 °C, the seasonal temperature difference 
is high, and the humid months are 0—5 °C (Fig. 2). 

The habitats for P caralitanus were primarily in 
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Fig. 3. Current climatic habitat suitability map (A) and the eight RCP climatic change scenario maps for P. caralitanus based on 
RCP 2.6 (B—C), RCP 4.5 (D—E), RCP 6.0 (F—G), and RCP 8.5 (H-D) for either 2050 or 2070 as indicated. 


Southwestern Anatolia, in the region between Central 
Anatolia and Western Anatolia, and around the western 
Taurus Mountains (Fig. 3A). A large part of the map 
reflects the distribution areas of P. caralitanus reported 
in the literature. Although its presence has not yet been 
reported from the new potential areas, these areas are 
climatically potential habitats. 

If the RCP 2.6 scenario occurs, there will be habitat 
losses in the Turkish Lake District until 2050, potential 
habitats in the Southwest will persist, and new potentially 
suitable bioclimatic habitats will emerge in the North 
Aegean region (Fig. 3B). By 2070, the situation in the 
Turkish Lake District will be slightly better than in 2050 
and new potential habitats will be formed in a small area 
in the inner Western Aegean region (Fig. 3C). In the case 
of the RCP 4.5 scenario, suitable habitats in the Turkish 
Lake District will almost disappear, new habitats will 
appear in the Northern Aegean regions, and potential 
habitats in the Southwest will persist (Fig. 3D-E). The 
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RCP 6.0 scenario map shows that a situation similar to 
the RCP 4.5 scenario in Fig. 3E will occur in 2050, but 
it reveals that the situation will be worse in 2070 (Fig. 
3F-G). According to the RCP 8.5 scenario, which is the 
most dramatic result, potential habitats in Southwestern 
Anatolia will be reduced but some will continue to exist, 
and the appropriate habitats of P. caralitanus around the 
Turkish Lake District will completely disappear. On the 
other hand, new potential habitats not seen in the other 
scenarios will emerge in the Northwest Aegean region 
(Fig. 3H—-I). 


Discussion 


Recent studies have provided important information on 
the extinctions of species due to climate change. Studies 
have reported that there could be a 15—37% loss of species 
by 2050 according to various climate change scenarios 
(Thomas et al. 2004). Even in the most optimistic climate 
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change scenario, most of these losses will occur in 
endemic species (Dirnboéck et al. 2011). In response to 
climate change, many species will present compensating 
mechanisms such as adaptation and migration; however, 
the success of these mechanisms against climate change 
will be related to the climate change velocity. In contrast 
to species which have large areas of distribution, 
endemic species distributed in a narrow region according 
to special climatic and topographic conditions will not be 
as successful, except in areas with a low climate change 
velocity. In areas with a high climate change velocity, 
endemism is either very low or does not exist. For this 
reason low climate change velocity areas will be essential 
refuges for many small-ranged species, such as endemic 
species (Sandel et al. 2011). 

The current habitat suitability map (Fig. 3A) shows 
the distribution of P. caralitanus mainly in the Turkish 
Lake District region and is compatible with species 
observation data. It also indicates that there are suitable 
habitats for this species in the north-western parts of the 
Turkish Lake District (Fig. 3A), while recent studies have 
found that the most north-western distribution area of the 
species 1s Acig6l and Isikli Lakes (Baskale et al. 2017). 
These lakes are located at the north-western border of 
the Turkish Lake District. Although there are locations 
with similar climatic conditions, the distribution of the 
species in the northern part is geographically isolated due 
to mountains. 

In the past two decades, some lakes in the Turkish Lake 
District have reduced water levels due to climatic changes 
(Goncu et al. 2017; Kantarci 2008). Wetlands and lakes 
are the essential elements of the habitats of frog species 
such as P. caralitanus because they need water bodies to 
complete their life cycle. A significant reduction of snow 
in higher regions due to climate change, a reduction in 
the water storage basins and earlier melting of snow 
will have negative consequences for many wetlands in 
Turkey (Yilmaz et al. 2019). Potential distribution maps 
determined for P. caralitanus can help in prioritizing the 
planning of future wetland use management around the 
current populations, the discovery of new populations or 
the identification of top priority areas. 

According to RCP scenarios that were created here for 
P. caralitanus, the climate change velocity will be high 
for the next 30 to 50 years (Fig. 3B—I), and habitat loss 
and fragmentation will be quite high in the distribution 
area of the species. For the survival of endemic species, 
we found RCP 2.6 to be the most optimistic scenario 
among the climate scenarios. However, even in this 
scenario, if P. caralitanus cannot migrate to the north- 
western Turkish Lake District, the distribution of the 
species will shrink in the next 30 years, and a very 
narrow distribution area will host the species in 2070. 
The IPCC, which is currently in its 6" assessment phase, 
reported “Global warming of 1.5 °C” towards the end 
of 2018, and emphasized that a temperature rise by 1.5 
°C was better than 2 °C (IPCC 2018). According to our 
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results, 1f the RCP 2.6 scenario is exceeded, most small- 
scale wetlands will begin to dry in the next 30 years, and 
irreversible changes may occur in the following years 
relative to the current distribution map of P. caralitanus 
(Fig. 3D-I). Although new locations with similar climate 
zones occur in the north and north-west of the Turkish 
Lake District, it would be very difficult for the frogs to 
migrate from the original habitats to the new climatically 
suitable habitats within the next 30 and 50 years because 
of geographic isolation. Moreover, if the RCP 8.5 climate 
scenario occurs, there will be no climatically suitable 
habitats for P. caralitanus in the Turkish Lake District, 
which we can categorize as a disaster. 

We have shown that the MaxEnt model is a useful tool 
for creating a predictive distribution map of P. caralitanus 
in the Turkish Lake District, and it has allowed us 
to determine putative environmental constraints and 
successfully predict the species potential fate in the 
coming years. According to our results, P. caralitanus 
will move farther towards extinction in future, in the 
face of such problems as an increase in temperature, 
decrease in precipitation, loss of habitat, and reduction of 
water bodies. In order to ensure the continuation of this 
endemic species, the protection of habitat and the impact 
of climate change on the species should be investigated 
in detail with more environmentalist approaches. 
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Appendix 1. The list of localities of Pelophylax caralitanus in this survey. 


Site No 
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Locality 


Acig6l site 1/Denizli 
Acig6l site 2/Denizli 
Acig6l site 3/Denizli 
Acigol site 4/Denizli 
Acig6l site 5/Denizli 
A$lasun site 1/Burdur 
AS$lasun site 2/Burdur 
A$lasun site 3/Burdur 
Akgol site 1/Burdur 
Akg6ol site 2/Burdur 
Akg6ol site 3/Burdur 
Aksu river/Antalya 
Aksehir lake site 1/Konya 
Aksehir lake site 2/Konya 
Aksehir lake site 3/Konya 
Belcegiz/Isparta 
Beysehir site 1/Konya 
Beysehir site 2 /Konya 
Beysehir Site 3/Konya 
Beysehir site 4/Konya 
Beysehir site 5/Konya 
Bucak/Denizli 
Burdur lake site 1/Burdur 
Burdur lake site 2/Burdur 
Burdur lake site 3/Burdur 
Derebucak site 1/Konya 
Derebucak site 2/Konya 
Eber lake site 1/Afyon 
Eber lake site 2/Afyon 
Eber lake site 3/Afyon 
Eber lake site 4/Afyon 
Esirdir lake site 1/Isparta 
Esirdir lake site 2/Isparta 
Esirdir lake site 3/Isparta 
Egirdir lake site 4/Isparta 
Egirdir lake site 5/Isparta 
Egirdir lake site 6/Isparta 
Fele/Isparta 
Gedikli/Isparta 
Gencek/Konya 
Goékg6l/Denizli 
Gokhoytik/Konya 
Golctik site 1/Isparta 
Golctik site 2/Isparta 
Golctik site 3/Isparta 
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GPS Coordinates 

Latitute Longitute 
37°46.375°N 29°50.680’°E 
37°49.794"N 29°56.879°E 
37°46.348’N 29°50.5817E 
37°47.003’N 29°51.709°E 
37°50.942’N 29°59.452°E 
37°36.065’N 30°32.018°E 
37°35.967°N 30°32.420°E 
37°36.195’N 30°32.406°E 
37°41.323’N 29°44.759E 
37°40.268’N 29°44 .206°E 
37°39.887°N 29°45.293°E 
37°14.896’N 30°47.431E 
38°26.834’N 31°21.99VE 
38°32.596’N 31°22.835°E 
38°31.314°N 31°19.875°E 
37°57.680°N 31°19.188°E 
37°58.268°N 31°25.984E 
37°53.332’N 31°30.742’E 
37°47.691°N 31°35.816’°E 
37°39. 479°N 31°41.819°E 
37°44 .304°N 31°41.056’E 
38°15.035’N 29°51.8977E 
37°41.411’N 30°03.452’E 
37°38.995°N 30°03.628’°E 
37°38.225°N 30°05.685°E 
37°21.654°N 31°32.842’°E 
37°25.667’°N 31°30.631’E 
38°36.832’N 31°13.561E 
38°39.140’N 31°14.51S°E 
38°42.375°N 31°11.5017E 
38°37.808’N 31°04.053°E 
38°05.178’°N 30°56.857°7E 
38°16.532’N 30°51.5817E 
38°16.723’N 30°52.190°E 
38°01.231’N 30°48.872°E 
38°08.231’N 30°52.789°E 
37°50.550’N 30°51.913°E 
38°02.435’N 31°27. 156’E 
37°53.334°N 31°20.392’°E 
37°26.572’N 31°32.438°E 
38°12.207°N 30°02.938°E 
37°24.056’N 31°56.421’E 
37°43.707'N 30°29.510’E 
37°44.469°N 30°29.030’E 
37°44.469°N 30°29.030°E 


84 
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Altitude (m) 


845 
84] 
840 
839 
840 

1,024 

1,023 

1,024 
994 
992 
994 
103 
954 
954 
954 

1,127 

1,132 

1,126 

1,136 

1,128 

1,126 
822 
910 
859 
865 

1,261 

1,281 
971 
970 
970 
970 
920 
921 
921 
921 
921 
921 

1,234 

1,127 

1,354 
821 

1,021 

1,387 

1,346 

1,347 
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Appendix 1 (continued). The list of localities of Pe/ophylax caralitanus in this survey. 


Site No 


46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
73 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 


Locality 


Golhisar channel/Burdur 
Golhisar dam/Burdur 
Golhisar Lake/Burdur 

Golyaka/Konya 
Golytizt/Konya 
Hufgla/Konya 

Isikli lake site 1/Denizli 

Isikli lake site 2/Denizli 

Isikli lake site 3/Denizli 

Isikli lake site 4/Denizli 

Isikli lake site 5/Denizli 

Isikli lake site 6/Denizli 

Isikli/Denizli 
Karakoy site 1/Burdur 
Karakoy site 2/Burdur 
Karamik site 1/Afyon 
Karamik site 2/Afyon 
Karamik site 3/Afyon 

Karaoz/Antalya 

Kavakkoy/Denizli 

Kirkg6z site 1/Antalya 
Kirkg6z site 2/Antalya 
Kirkg6z site 3/Antalya 

Kovada/Isparta 
Kumluca site 1/Burdur 
Kumluca site 2/Burdur 

Salda lake site 1/Burdur 

Salda lake site 2/Burdur 

Salda lake site 3/Burdur 

Salda lake site 4/Burdur 

Salda lake site 5/Burdur 

Saraykoy/Konya 
Sarikaya/Isparta 

Seydisehir site 1/Konya 

Seydisehir site 2/Konya 

Seydisehir site 3/Konya 

Sug6zti/Isparta 
Sula lake site 1/Konya 
Sula lake site 2/Konya 
Sula lake site 3/Konya 

Tasagil/Konya 

Tepearasi/Konya 
Yalihtiyik/Konya 
Yesilda&/Konya 
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GPS Coordinates 

Latitute Longitute 
37°02.734°N 29°27.960°E 
37°01.385’N 29°26.687°E 
37°06.711°N 29°35.376°E 
37°41.825’N 31°26.898°E 
37°21.225’N 31°%53.425°E 
37°28.112’N 31°34.050’°E 
38°11.014-N 29°46.840°E 
38°15.332’N 29°51.811VE 
38°11.176°N 29°59. 55VE 
38°14.403’N 29°57.245°E 
38°16.443’N 29°54.415°E 
38°12.368’N 30°01.774E 
38°19.255’N 29°51.375°E 
37°28.333’N 29°32.717E 
37°28.561’N 29°32.385°E 
38°27.915°N 30°52.449°E 
38°23.005’N 30°45 .394VE 
38°26.173’N 30°53.148°E 
37°11.067°N 30°48 .640°E 
38°09.254’°N 29°38.2717E 
37°06.600’N 30°34.828°E 
37°05.669’N 30°35.125°E 
37°05.526’N 30°34.997°E 
37°36.755°N 30°53.886°E 
37°38.270°N 30°02.836’°E 
37°38.518°N 30°03.275°E 
37°31.391’N 29°38.159E 
37°31.142’N 29°37.493°E 
37°31.725°N 29°39. 41VE 
37°31.133’N 29°37.405°E 
37°31.499°N 29°36.912’E 
37°19.247°N 32°07.011’E 
37°56.404’°N 31°18.464E 
37°28.588’N 31°48.769°E 
37°28.519°N 31°49.462°E 
37°27.094’°N 31°51.634¢E 
38°14.227°N 31°17.231E 
37°21.501’°N 31°59.413°E 
37°18.965’N 32°06.145°E 
37°21.232’N 31°55.516°E 
37°22.702’N 31°53.321VE 
37°28.233’N 31°37.85S°E 
37°19.256’N 32°06.284E 
37°35.087°N 31°30. 1SVE 
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Altitude (m) 


1,022 
1,068 
947 
1,126 
1,099 
1,370 
816 
819 
821 
821 
821 
821 
829 
996 
991 
1,004 
1,004 
1,004 
55 
811 
304 
307 
302 
906 
860 
860 
1,158 
1,161 
1,145 
1,160 
1,168 
1,102 
1,127 
1,135 
1,131 
1,110 
1,226 
1,222 
1,096 
1,098 
1,101 
1,387 
1,101 
1,125 
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Abstract.—Jollyville Plateau Salamanders (Eurycea tonkawae) can be difficult to detect and capture in 
submerged leaf litter packs, woody debris, and vegetation. Here we describe the modification of a Water 
Hyacinth sieve and introduce three designs of Hubbard rakes to effectively sample these cover objects. Data 
are reported on the captures of E. tonkawae using the sieve and all three rakes, as well as captures of E. 
pterophila, E. naufragia, E. chisholmensis, and several co-occurring tadpoles, small fishes, and invertebrates. 
The application and success of these tools are described in detail for various cover types, water depths, and 


substrates. 
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Introduction 


Jollyville Plateau Salamanders (Eurycea tonkawae) 
are small, fully-aquatic salamanders endemic to central 
Texas, USA (Chippindale et al. 2000), which are listed 
as Threatened by the U.S. Fish and Wildlife Service 
(USFWS 2013). Bowles et al. (2006) and USFWS 
(2013) considered submerged rocks and gravel to be 
the preferred habitat for this taxon, but it has also been 
documented from leaf litter, woody debris, and aquatic 
vegetation (Bowles et al. 2006; Chippindale 2005; Davis 
et al. 2001; O’Donnell et al. 2008). Submerged rocks 
are easily surveyed by overturning them and visually 
searching underneath for salamanders (Bowles et al. 
2006; Pierce et al. 2010; Sweet 1977). In contrast, E. 
tonkawae are difficult to detect in leaf litter packs, woody 
debris, and vegetation because these cover objects can 
be dense and often occur on silty substrate (Bowles et al. 
2006; Davis et al. 2001). Bowles et al. (2006) recognized 
that this difficulty may have caused underestimates of E. 
tonkawae relative abundance in large leaf packs. 
Previous researchers have surveyed for salamanders 
in submerged, dense leaf litter, and vegetation with pipe 
and box samplers, dip nets, and seines (Shaffer et al. 
1994; Skelly and Richardson 2010), but these techniques 
are difficult to apply in shallow water (less than 15 
cm) and in areas with gravel or bedrock substrates that 
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characterize E. tonkawae habitat (Z.C. Adcock, pers. 
obs.). Sweet (1977) collected central Texas Eurycea 
in gravel substrates by shoveling the material onto a 
wire-mesh screen suspended over a large tray. This 
method could be applied to leaf litter, woody debris, and 
vegetation, but it requires bulky gear that may be difficult 
for one surveyor to use or to transport in the field. 
O’ Donnell et al. (2008) reported catching EF. tonkawae by 
sweeping leaf litter into a large net, but this method does 
not allow for easy quantification of the surveyed area and 
has limited applicability to other cover objects. 

Passive and active traps, such as funnel traps, drift 
nets, leaf litter bags, and mopheads, can capture Eurycea 
salamanders in various aquatic covers (Devitt and Nissen 
2018; Pauley and Little 1998; USFWS 2014; Waldron et 
al. 2003; Willson and Dorcas 2003; Willson and Gibbons 
2010). However, the animals which are captured can die 
if passive traps are not checked frequently (Willson and 
Gibbons 2010), and all trapping methods require several 
subsequent site visits which may not always be practical. 
Some traps can also result in a size-biased sample 
(Luhring et al. 2016). 

Here, we provide the details for a modification of the 
Godley Water Hyacinth (Hichhornia crassipes) sieve 
(Godley 1982) and describe the use of this sieve and 
Hubbard rakes to sample E. tonkawae ina variety of cover 
types, water depths, and substrates. We designed these 
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tools to be small so they would work efficiently within 
the often-narrow spring runs and cave streams occupied 
by these salamanders and to allow a single researcher to 
easily carry and operate the equipment. Like the Godley 
sieve, and its predecessor, the Goin dredge (Goin 1942) 
our modified sieve and rakes sample a known area, thus 
enabling estimates of salamander densities. Although we 
designed these sampling devices to capture E. tonkawae, 
we demonstrate they are also effective for other central 
Texas Eurycea salamanders, as well as several co- 
occurring vertebrates and invertebrates. 


Materials and Methods 


Sieve. Our modified sieve design required 1.25 m of 
1.9-cm x 8.9-cm (standard l-inch x 4-inch) untreated 
pine lumber, eight 3.8-cm (1.5-inch) galvanized corner 
braces, two galvanized gate handles, a 91-cm x 2.1-m 
(3-foot <x 7-foot) roll of fiberglass window screening, a 
1.27-cm x 61-cm x 152-cm (0.5-inch x 2-foot < 5-foot) 
roll of 19-gauge galvanized steel hardware cloth, a box 
of 1.27-cm (0.5-inch) stainless steel staples, and a can 
of spar urethane (Table 1). We cut the lumber into two 
30-cm and two 32-cm lengths to form a box frame with 
30 cm =x 30 cm interior dimensions (Fig. 1A), but we 
note that the interior dimension should be adjusted to 
accommodate the target taxa, sampling site, and project 


Fig. 1. (A) Top, (B) side, and (C) bottom of a salamander sieve. Scale: 30 cm. Photos by Michelle Adcock. 


goals. We attached the corner braces on the outside of 
the frame to eliminate any sharp corners inside the 
sieve that could harm captured animals (Fig. 1B). We 
then sealed the frame with spar urethane and attached 
the gate handles after the frame dried. The bottom was 
constructed by attaching window screening which was 
supported by hardware cloth to the bottom of the frame 
with staples (Fig. 1C). Because of the small sieve size, 
staples adequately supported the bottom, and a bottom 
brace as described by Godley (1982) was not required. 

The materials to construct one sieve cost about USD 
$56.00. However, much of this cost was associated 
with excess materials because the smallest amount 
available for purchase exceeded the amount needed for 
construction (see Table 1). The construction of additional 
sieves from the excess material (up to 10 total) would 
only require the purchase of more lumber, corner braces, 
and gate handles for about USD $20.50 per sieve. 

When the water was deep enough and floating cover 
objects (e.g., woody debris, unrooted vegetation) were 
present, the sieve could be positioned underneath the 
material and lifted straight up, as described by Goin 
(1942, 1943) and Godley (1980, 1982). In shallow 
water and situations with rooted vegetation, we used a 
large dustpan to scoop gravel, leaf litter, woody debris, 
vegetation, and the inhabitants into the sieve (Fig. 2A). 
Dustpans with similar dimensions to our modified sieve 


Table 1. Cost of materials for the construction of one salamander sieve. 


Material Quantity Total approximate cost (US dollars) 
1.9-cm x 8.9-cm x 1.8-m (standard 1-inch x 4-inch x 6-foot) untreated pine 1 $3.50 
lumber 

3.8-cm (1.5-inch) galvanized corner brace 8 $7.00 
Spar urethane* 1 can $10.00 
Galvanized gate handle 2 $10.00 
91-cm x 2.1-m (3-foot x 7-foot) roll of fiberglass window screening* 1 roll $7.00 
1.27-cm x 61-cm x 152-cm (0.5-inch x 2-foot x 5-foot) roll of 19-gauge 1 $6.50 
galvanized steel hardware cloth* 

1.27-cm (0.5-inch) stainless steel staples* Box of 1,000 $12.00 
Total Cost $56.00 


*The quantity of these materials indicates the smallest amount available for purchase, not the quantity needed for construction of 


a single sieve. 
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Fig. 2. Salamander sieve demonstration. (A) Cover objects are scooped into the sieve using a dustpan and (B) carefully searched for 
fauna to (C—D) reveal a salamander. Red arrows identify a Jollyville Plateau Salamander (Eurycea tonkawae) trapped in the sieve. 


Photos by Madison Torres (A) and Zach Adcock (B—D). 


design are available at most hardware stores for about 
USD $7.00. Nets, strainers, or other scooping devices 
can also be used to fill the sieve, but we chose a dustpan 
in order to collect the sample in a single scoop, rather 
than multiple small scoops which may cause animals 
to flee before capture. We washed the collected cover 
material with water to rinse away silt, then carefully 
sorted through it to find salamanders and co-occurring 
fauna (Fig. 2 B—C). Once inside the sieve, salamanders 
are unlikely to escape (Fig. 2D), reducing the false 
absences often associated with these difficult-to-sample 
cover types (Bowles et al. 2006; Davis et al. 2001). 


Hubbard Rakes. Aluminum rakes were constructed by 
Hubbard Rakes in Jonesport, Maine, USA (http://www. 
hubbardrakes.com), and they are custom designs that 
combine aspects of their lowbush blueberry, cranberry, and 
sea glass rakes. Each rake costs about USD $50.00 plus 
shipping and handling. The interior dimensions (30 cm x 
30 cm x 11.5 cm) match our modified sieve dimensions for 
comparable density estimates. All rakes have a backend 
(30 cm x 14 cm x 11.5 cm) that is enclosed on all sides 
and serves as a receptacle for scooped material. We drilled 
large drain holes and small holes for window screen 
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attachment into the receptacle, and lined the rakes with 
window screening to prevent fauna from escaping through 
the teeth and drain holes (Fig. 3). 

We designed three rakes that differ in the sampling 
edge (1.e., flat edge, short teeth, and long teeth) to 
accommodate different cover objects (Fig. 4). The flat- 
edged rake 1s scooped through the cover objects, like the 
dustpan, but as it is drawn through the water column, all 
material and inhabitants are entrapped in the receptacle. 
The short-toothed rake has ~6.5 cm teeth, and the long- 
toothed rake has ~15 cm teeth. Both are designed to rake 
through dense, rooted vegetation and comb any resident 
fauna out of the vegetation and into the rake receptacle. 
As with the sieve, salamanders are unlikely to escape 
once inside the rakes (Fig. 5). 


Sampling. To test the efficacy of these devices, F. 
tonkawae were sampled at springs in the vicinity of Round 
Rock and Cedar Park, Texas, USA, from 2014 through 
2019. From July 2014 to August 2016, E. tonkawae 
captures and survey effort were quantified using the sieve 
and Hubbard rakes as well as standard visual encounter 
surveys by searching under rocks (see Bendik et al. 2014; 
Pierce et al. 2010). In subsequent years, the sieve and 
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Fig. 3. (A) Top, (B) side, and (C) back of a Hubbard rake showing receptacle backend with drain holes and holes for window screen 


attachment using zip ties. Scale: 30 cm. Photos by Michelle Adcock. 


Hubbard rakes were used to survey for other species of 
central Texas Eurycea salamanders (1.e., E. pterophila, 
E. naufragia, and E. chisholmensis) at various springs in 
Hays and Williamson counties, Texas, USA. 


Results 


From July 2014 to August 2016, 325 E. tonkawae were 
captured using the sieve and Hubbard rakes, compared 
to 342 E. tonkawae in rock surveys, which corresponded 
to 0.53 salamanders per sieve/rake sample and 0.02 
salamanders per searched rock. The sieve and Hubbard 
rakes were used to capture E. tonkawae in submerged 
gravel, leaf litter packs, small woody debris, silt, and 
several types of vegetation (e.g., floating, aquatic, and 
emergent). In addition, E. pterophila, E. naufragia, and 
E. chisholmensis were caught in these same cover types 
at their respective springs. 

In addition to the targeted Eurycea, these tools 
captured a number of co-occurring tadpoles, fishes, and 
invertebrates. Bycatch included Blanchard’s Cricket 
Frog (Acris blanchardi) tadpoles, Rio Grande Leopard 
Frog (Lithobates [Rana] berlandieri) tadpoles, small 
sunfish (Lepomis sp.), small bass (Micropterus sp.), 
Western Mosquitofish (Gambusia affinis), Slough Darters 
(Etheostoma gracile), crayfish (family Cambaridae), 
dragonfly and damselfly larvae (order Odonata), mayfly 
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Fig. 4. (A) Flat-edged, (B) short-toothed, and (C) long-toothed Hubbard rake designs. Scale: 30 cm. Photos by Michelle Adcock. 


larvae (order Ephemeroptera), giant water bugs (family 
Belostomatidae), beetles (order Coleoptera), snails 
(order Gastropoda), hellgrammites (family Corydalidae), 
annelid worms (subclasses Hirudinea and Oligochaeta), 
and amphipods (order Amphipoda). 


Discussion 


Approximately 49% of FE. tonkawae were captured 
using the sieve and Hubbard rakes, and the remaining 
51% were caught in traditional rock searching surveys. 
The frequency of salamander observations per rock (= 
0.02) was comparable to those reported by Pierce et 
al. (2010) for E. naufragia but substantially lower than 
the salamander observations per sieve/rake sample (= 
0.53). However, we acknowledge that these tools sample 
a larger area than the average rock size. Our goal was 
not to evaluate the best survey methodology or overall 
tool, but to demonstrate that most cover objects can be 
efficiently sampled with proper tool design and selection. 
Any potential differences in salamander or faunal 
captures among sampling tools would be more indicative 
of differences in cover object availability and use (Z.C. 
Adcock, unpub. data). Most importantly, our efforts 
demonstrate that the sieve and Hubbard rakes effectively 
capture central Texas Eurycea salamanders in cover 
objects that have been previously described as difficult 
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to reveal a salamander. Red arrow identifies a Jollyville Plateau Salamander (Eurycea tonkawae) trapped in the rake. Photos by 


Zach Adcock. 


to sample (Bowles et al. 2006; Davis et al. 2001) and 
in cover objects the USFWS considers to be suboptimal 
habitat (USFWS 2013). 

Our modified sieve and dustpan combination worked 
particularly well in shallow water, as cover objects 
could be scooped without losing water and material over 


the edges of the dustpan. The dustpan was effective at 
scooping gravel, leaf litter, small woody debris, silt, 
and unrooted or weakly rooted vegetation into the sieve 
(Fig. 6). The sieve was also effective when floating 
cover objects were present in deep water, as previously 
described (Goin 1942, 1943; Godley 1980, 1982). We 


_—. = 
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Fig. 6. Examples of Jollyville Plateau Salamander (Eurycea tonkawae) cover objects that are effectively sampled using the 


salamander sieve and Hubbard rakes. (A) Submerged leaf litter and exposed roots, (B) submerged woody debris, (C) middle of 
springrun, noting aquatic vegetation with weak roots, as well as the springrun edges which are shallow with emergent vegetation, 
and (D) deep, aquatic vegetation with durable roots and stems. Photos by Zach Adcock. 


Amphib. Reptile Conserv. 90 February 2022 | Volume 16 | Number 1 | e304 


Adcock et al. 


found the sieve and dustpan combination to be ineffective 
for submerged cover objects in deep water (over 30 cm 
deep) and in vegetation with durable stems and roots. 
When scooping material in deeper water, cover objects 
(and likely fauna) spilled over the sides of the dustpan as 
it was brought up through the water column. Likewise, 
the dustpan was inadequate at pushing through durable 
roots or emergent vegetation, undoubtedly causing 
salamanders to retreat undetected. These deficiencies 
prompted our idea for combining the sieve and dustpan 
into a single tool, the Hubbard rakes. 

The Hubbard rakes were capable in all water depths 
due to the enclosed backend receptacle. The flat-edged 
rake was effective in scooping all cover types except for 
vegetation with durable stems and roots, and we simply 
used the toothed rakes in these situations. The short- 
toothed rake performed well in aquatic vegetation and 
in emergent vegetation along creek edges. In emergent 
vegetation zones (Fig. 6C), the long-toothed rake often 
hit hard substrate (e.g., soil along the bank) before the 
vegetation encountered the receptacle edge, which 
allowed fauna to escape through the teeth. However, 
the long-toothed rake worked particularly well in large 
patches of aquatic vegetation in water over 15 cm deep 
(Fig. 6D). The toothed rakes did not perform well in 
gravel, leaf litter, or woody debris because these smaller 
items fell through the teeth during scooping. We note that 
we never impaled salamanders with the rake teeth, and 
researchers are unlikely to do so if the rakes are used in 
a combing motion. 

These tools also allowed us to sample exposed 
vegetation roots in addition to stems and leaves. We 
frequently captured Eurycea salamanders by placing 
submerged, exposed root clumps in the sieve or rakes and 
washing with water, by combing through roots with the 
toothed rakes, and by scraping the bottom of dense root 
mats and undercut stream banks with the flat-edged rake 
or the wood edge of the sieve. 

Central Texas Eurycea salamanders typically escape 
predators (and researchers) by diving into the interstitial 
spaces of the substrate. Sweet (1977) exploited this 
behavior with his wire-screen method, allowing 
salamanders to “escape” through the screen and into the 
collection tray. Our modified sieve and Hubbard rakes 
also exploit this behavior. Washing the sampled material 
created enough disturbance to cause most entrapped 
salamanders to retreat out of the cover objects and 
to the bottom of the sieve or rakes. We note that adult 
central Texas Eurycea were often easily noticed in the 
sieve and rake as they actively sought shelter. Small 
juvenile salamanders (less than 15 mm total length) were 
typically less active and frequently remained motionless. 
Therefore, we caution researchers to carefully search the 
sampled material and the sampling devices for juveniles. 

During the surveys, sampled gravel, leaf litter, woody 
debris, silt, and similar cover objects were placed 
back into the streams to minimize habitat impacts. 
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The toothed rakes caused minor damage to aquatic 
and emergent vegetation when combing through roots, 
stems, and leaves. Using the sieve and rakes results in 
destructive sampling for weakly rooted vegetation, but 
we rarely noticed the sampling impacts in subsequent 
survey events. The fast-growing Watercress (Nasturtium 
officinale) constituted much of our sampled vegetation, 
and a monthly survey timeframe allowed ample time for 
regrowth. We suggest that researchers be cognizant of 
potential oversampling by considering vegetation growth 
rates and their planned survey timing. 

We modified the Water Hyacinth sieve and designed the 
Hubbard rakes to capture E. tonkawae, but they proved to 
be effective for other central Texas Eurycea salamanders 
and several co-occurring vertebrates and invertebrates. 
The density of salamanders and co-occurring fauna can 
be easily calculated by dividing the number of captures 
by the number of samples multiplied by the size of the 
sampling device. These tools are undoubtedly applicable 
to a wide variety of small, aquatic salamanders, tadpoles, 
fishes, and invertebrates if the appropriate device 1s 
matched to the cover objects to be sampled. 
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Abstract.—Lyciasalamandra fazilae and Lyciasalamandra flavimembris are two Endangered and endemic 
species which occur only in Mugla province of Turkey. In protecting an endemic or endangered species, the 
first step is to understand its potential and/or known distribution. Therefore, we used the Maximum Entropy 
modelling software (MaxEnt) to analyze the current potential distribution and most important habitat features 
associated with the localities of these two species. The variables with the highest contributions to the model 
were: Bedrock, Precipitation of Coldest Quarter, and Normalized Difference Vegetation Index for L. flavimembris; 
and Bedrock, Temperature Seasonality, Precipitation Seasonality, and Precipitation of Coldest Quarter for L. 
fazilae. We also identified two new localities for L. flavimembris using the habitat suitability model. 
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Introduction on the ecology of Lycian salamanders broadly covers all 
Species in this genus, and is therefore considered to be 
There are only seven species of Lycian salamanders inthe —— generally applicable to all of them (cf. Ozeti and Yilmaz 
world, six of which are found in Turkey. Among them, the 1994). On this basis, the Lyciasalamandra species are 
Marmaris Salamander [Lyciasalamandra flavimembris terrestrial, inhabiting rocky limestone areas mostly 
(Mutz and Steinfertz 1995)] and the Gécek Salamander in pine forests and maquis—sometimes near single- 
[Lyciasalamandra fazilae (Basoglu and Atatiir, 1974)] standing pines and olive trees, sometimes in deciduous 
are local endemic species distributed in the Mugla forests dominated by oaks and junipers, and occasionally 
province of Turkey. Lyciasalamandra fazilae occurs in accumulations of rocks or on slopes without vegetation 
in the eastern part of Mugla province (Fethiye, Gocek, (e.g., Baran and Atatur 1998; Basoglu and Ozeti 1973; 
Ortaca, and Koycegiz districts), while L. flavimembris Veith et al. 2001). The vertical distributions of these 
occurs in the western part of Mugla province (Milas, species are known to range from 25 to 1,400 m asl, 
Ula, and Marmaris districts). Both species were formerly — where the mean annual rainfall may be less than 1,000 
considered to be subspecies of Mertensiella luschani, mm (Veith et al. 2001; Yildiz and Akman 2015). 
with L. flavimembris even being con-subspecific with Lyciasalamandra fazilae and L. flavimembris are 
L. helverseni from the Greek Karpathos archipelago. __ listed as Endangered by the IUCN Red List of Threatened 
However, previous studies have shown that they Species (http://www.iucnredlist.org,; Accessed: 4 May 
are morphologically and phylogenetically separate 2020) in view of their naturally restricted ranges and 
species (Oz et al. 2004; Veith et al. 2016, 2020; Veith the continuing decline of their habitats. In protecting 
and Steinfartz 2004), and their colorations are clearly an endemic and/or Endangered species, the first step is 
distinguishable (Oz et al. 2004; Ozeti and Yilmaz 1994). to _ understand its potential and/or known distribution 
Amphibians are highly susceptible to any changes = (Sousa-Silva et al. 2014). Intense research on the existing 
in their habitat because of their highly permeable skin, _ distribution of Lycian salamanders is time-consuming 
and many species spend their lives in both terrestrial and = and expensive, but modelling their distributions could 
freshwater habitats (Alford and Richards 1999; Barinaga provide more accurate results with less time and effort 
1990; Duellman and Trueb 1994). The currentinformation (Hernandez et al. 2006). Species Distribution Modelling 
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Fig. 1. Study area and distributions of presence data for L. flavimembris and L. fazilae. 


(SDM) is a correlative approach in which habitat 
suitability, and therefore the distribution of a species, is 
estimated on the basis to environmental and geographical 
information (Elith and Graham 2009). The resulting 
models are called habitat suitability models, and they 
are considered to be important for the conservation of a 
species’ habitat and the implementation of conservation 
action plans (Buckland and Elston 1993; Marzluff et 
al. 2002). They can be used to identify potential risks 
to a species and thus to prioritize habitat conservation, 
to optimize land management planning, and to allocate 
suitable habitats for potential translocation programs 
(Corsi et al. 1999; Ozkan and Berger 2014; Stoms et al. 
1992). 

The effective conservation of amphibian populations 
is typically limited by the lack of species-specific 
ecological knowledge. Therefore, this study was 
conducted to identify the environmental variables which 
limit the distribution of Marmaris Salamander and Gocek 
Salamander, and to determine their current and potential 
habitats. We believe that the models and maps obtained 
through the MaxEnt method will provide a base for the 
successful execution of species protection action plans. 


Materials and Methods 


Species data and study area. Between 2012 and 2020, 
field studies were carried out during the activity period 
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of the salamanders (October—April) within the province 
of Mugla, Turkey (Fig. 1). The study sites included 
four Specially Protected Areas (Gékova SPA, Datca- 
Bozburun SPA, Fethiye-Gécek SPA, and K6yceégiz 
Dalyan SPA), one National Park (Marmaris NP), and a 
Wildlife Development Area (K6ycegiz). The elevations 
of the sites ranged from 0 to 1,300 m asl. The climate 
is dominated by the Mediterranean climate. Urbanized 
areas, touristic areas, and natural areas without human 
intervention constitute important places in the study area 
which are mostly covered with maquis areas (shrublands), 
Red Pine (Pinus brutia) dominated coniferous forest, 
and agricultural fields. The field studies were carried out 
during both day and night. A total of 240 sample areas 
were examined, each with a size of 874 m x 874 m (Le., 
the resolution of the Worldclim [version 2.1] data used 
as described below). The altitudes and coordinates of 
each salamanders’ presence point were recorded with a 
Garmin 62S GPS receiver using the WGS 84 coordinate 
system. 


Environmental data. The Aster Global Digital Elevation 
Model (GDEM), version 3, was obtained from Earthdata 
(http://earthdata.nasa.gov). Altitude, aspect, and slope 
were produced using GDEM (Zeiler 1999) in ArcMap 
10.2 software. The Topographic Position Index (TPI), 
Topographic Wetness Index (TWI), Landform Position 
Index (LPI), roughness index, hillshade index, ruggedness 
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index, solar radiation index, and solar illumination 
index (at 0600 h, 0800 h, 1000 h, 1200 h, 1400 h, 1600 
h, 1800 h, 2000 h, and total solar illumination) were 
created with the help of the “Topography tools” plugin 
included in ArcGIS 10.2 (Jenness 2006). The NDVI 
(Normalized Difference Vegetation Index) data produced 
by the MOD13Q1 module, which is one of the MODIS 
VI satellite data sources, was cut and used at the study 
area scale. NDVI values range from -1 to +1. Negative 
values represent water, snow, clouds, and non-plant 
areas; while positive values indicate the presence of 
vegetation. However, since negative values complicate 
the statistical analysis, the NDVI values were converted 
to the 0-10,000 range by using the formula: NDVI * 
10,000 (Celik and Gilersoy 2017). The bedrock map of 
the study area was obtained from the General Directorate 
of Mineral Research and Exploration (Maden Tetkik ve 
Arama Genel Mudurluigt, http://yerbilimleri.mta. gov. 
tr/anasayfa.aspx). Different bedrock types (154) are 
shown in the form of polygons on the digital bedrock 
map obtained, which was used as a base map. These 
data were used as categorical data. Bioclimatic data 
representing the current climatic conditions of the study 
area were obtained from http://www. worldclim.org (Fick 
and Hijymans 2017). These data (Worldclim, Version 2.1) 
were obtained in the WGS 84 coordinate system with 
the highest resolution (30 arc-seconds, or 874 m x 874 
m), and in the ESRI Grid format. Nineteen bioclimatic 
variables (Biol—Biol19, Table 1) with this feature were 
cut on the scale of the study area with the help of ArcMap 
10.2. Temperature data (Biol, Bio2, Bio5—Bio11) values 
are shown multiplied by 100. 

For all of the digital base maps of the environmental 
variables in ASCII format, each cell was produced in the 
WGS 84 coordinate system (874 m x 874 m), and thus is 
of the same size as the sample areas. 


Statistical evaluation, habitat suitability model, and 
habitat suitability model map. Due to the small size of 
the study area, high correlation is expected between the 
bioclimatic data and other environmental variables. This 
may pose a problem during the analysis. To eliminate 
the multicollinearity problem, we applied Pearson 
Correlation Analysis, using a threshold of r? < 0.8, for a 
total of 40 environmental variables. If a pair of variables 
was found to have a correlation coefficient greater than 
0.8, they were considered to represent related phenomena, 
and one of them was excluded from the analysis. 
Maximum Entropy (MaxEnt) (Phillips et al. 2006) is 
a popular habitat suitability modelling method, which 
provides more accurate results with less data in smaller 
areas compared with other methods (e.g., DOMAIN, 
BIOCLIM, and GARP) (Hernandez et al. 2006; Phillips 
and Dudik 2008; Wisz et al. 2008). In addition, MaxEnt 
enables the joint processing of categorical and continuous 
data (Phillips and Dudik 2008), and it produces a habitat 
suitability map (Elith et al. 2011; Hernandez et al. 2006, 
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2008). MaxEnt is based on ENFA (Ecological Niche 
Factor Analysis; Hirzel et al. 2002) and examines the 
characteristics of the locations of the target species, and 
then estimates a suitability level for all areas based on 
the values taken by the factors which affect the known 
distribution of the species (Baldwin 2009). In this respect, 
the MaxEnt method was used to evaluate the potential 
distributions of Marmaris Salamander and Gocek 
Salamander using MaxEnt 3.4.1 software (Phillips et al. 
2006). MaxEnt calculates the maximum entropy to find 
the most likely geographical and ecological distribution of 
a target species. MaxEnt also examines the relationships 
between the asset data of the target species and 
environmental variables, and determines the ecological 
requirements of the target species. It then predicts the areas 
in which the target species will be more or less likely to 
appear based on the ecological requirements of the target 
species (Baldwin 2009). 

The environmental data, including presence data, in 
CSV format and environmental variables in ASCII format 
were analyzed with the help of MaxEnt 3.4.1 software. 
Species data were separated into 90% for training data 
and 10% for test data using the software settings, and 
the analysis was adjusted to carry out ten repetitions. The 
replicated run type Crossvalidate was selected. Further 
settings were: maximum iterations = 500, convergence 
threshold = 0.00001, and default prevalence = 0.5. 
The Area Under the Receiver Operating Characteristic 
(ROC) Curves (AUC) was used to evaluate model 
performance. Finally, among the models with excellent 
model performance, the model with the lowest standard 
deviation between the training data AUC value and the 
test data AUC value was selected as “the best model,” 
and the species distribution maps of that model were 
visualized with ArcMap 10.2 software. 


Results 


For L. flavimembris and L. fazilae, 83 and 66 presence 
data points were obtained from the field studies, 
respectively, of which 68 and 54 were used for the final 
models, respectively. Most of the presence data obtained 
during the field studies were either known localities 
or points very close to known localities (Arslan et al. 
2018; Baskale et al. 2019; Go¢men et al. 2018; Oguz 
et al. 2020; Polat and Baskale 2018; Veith et al. 2020). 
According to the results of the habitat suitability model, 
the training data set AUC value was 0.942 and the test 
data set AUC value was 0.941 + 0.056 (P < 0.001) for 
L. flavimembris (Fig 2a); while for L. fazilae the training 
data set AUC value was 0.954 and the test data set AUC 
value was 0.948 + 0.076 (P < 0.001) (Fig. 2b). These P 
values indicated that the model obtained was at the level 
of “perfect explanation” for the ecological requirements 
in the habitat preferences of both salamanders. 
According to the percentages of their contributions to 
the MaxEnt model, the important or highly contributing 
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(a) Sensitivity vs. 1-Specifity for L. flavimembris 
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(b) Sensitivity vs. 1-Specifity for L. fazilea 
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Fig. 2. The receiver operating characteristic (ROC) curves for L. flavimembris (a) and L. fazilae (b). 


variables which limit the geographical distribution ranges 
included three variables for L. flavimembris and four for 
L. fazilae (Fig. 3). The percentages of contribution to the 
model and occurrence intervals of these environmental 
variables are given in Table 1. The variables with the 
highest contributions to the model were: Bedrock, 
Precipitation of Coldest Quarter, and Normalized 
Difference Vegetation Index for L. flavimembris (Table 
1 and Fig. 4a); and Bedrock, Precipitation of Coldest 
Quarter, Temperature Seasonality, and Precipitation 
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Seasonality for L. fazilae (Table 1 and Fig. 4b). Combined, 
these variables explained 86.3% and 99.1% of the 
variation in the two species distributions, respectively. 
The habitat suitability models showed the potential 
distributions of the two species, and the predicted models 
confirmed the mostly known geographical ranges of both 
of them (Fig. 5). The area of high predicted probability of 
occurrence for L. flavimembris was concentrated around 
the Kotekli, Ula, Milas, and Marmaris districts (Fig. 5a). 
In particular, the southwestern part of Marmaris district is 
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Fig. 3. Results of the Jackknife test for evaluating the relative importance of environmental variables for L. flavimembris (a) and L. 
fazilae (b). See Table 1 for definitions of the environmental variables. 


the most intensely occupied area for L. flavimembris. In 
relation to the habitat suitability model of L. favimembris, 
the field studies revealed two new localities: Kizilkoy 
(36°41’°N, 28°06’ E; 204 m asl) in the Selimiye district, 
and Icmeler (36°46’N, 28°12’E; 142 m asl) in the 
Marmaris district. For L. fazilae, the habitat suitability 
model indicated a high probability of occurrence mostly in 
known habitats, such as Gokceovacik (Fethiye), Uzimli 
(Fethiye), Dalyan (Ortaca), Kapikargin (Dalaman), and 
Sultanitye (Koycegiz) (Fig. 5b). 


Discussion 


According to the MaxEnt results, the average 
contributions (in percentage) of the key environmental 
variables to the model were determined as: Bedrock 
(54.2%), Precipitation of Coldest Quarter (41.7%), and 
NDVI (4.1%) for ZL. flavimembris, and Bedrock (62.3%), 
Precipitation of Coldest Quarter (25.4%), Temperature 
Seasonality (8.5%), and Precipitation Seasonality (3.8%) 
for L. fazilae. 

The most important factor limiting the distributions 
of both L. flavimembris and L. fazilae is bedrock type 
rather than any of the climatic conditions. Species that 
prefer specific bedrock types need corridors made up of 
suitable bedrock to expand their distributions (Sinervo 
et al. 2017). It is known that salamanders which live in 
suitable bedrock often hide in the cracks, cavities, and 
underground of this bedrock under unfavorable climatic 
conditions (Baran and Atatur 1998). These cracks 
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and holes maintain proper moisture and temperature 
conditions. The MaxEnt outputs of environmental 
variables showed that L. flavimembris prefers 10 of the 
154 bedrock types in the region, while L. fazilae prefers 
nine bedrock types (Fig. 6). While previous studies 
revealed only limestone (Gécmen and Karis 2017; Veith 
et al. 2001), this study shows that L. flavimembris and 
L. fazilae can be found under different types of stones 
but their habitats mostly include limestone and cherty 
limestone. 

Amphibians have a high climatic sensitivity due 
to their ectothermic physiology and their constant 
need for moisture (Wells 2007). Previous studies have 
emphasized that humid areas, areas with a dense green 
cover, an average annual rainfall of 800—1,500 mm, and 
rocks with moist ground crevices are suitable habitats 
for Lycian salamanders (Baran and Atatur 1998; Veith et 
al. 2001). Rodder et al. (2011) investigated the climatic 
niche similarities between the Lycian salamander species 
using 19 bioclimatic data sets. That study found that 
Lycian salamanders (except for L. he/verseni) preferred 
similar climatic conditions, and the mean Temperature of 
Coldest Quarter (variable Biol1) ranged from 6—12.5 °C 
and Precipitation of Coldest Quarter (Bio19) ranged from 
350-620 mm. The species-specific studies have shown 
that Pinus brutia, Mediterranean maquis, green mosses, 
and limestones are indicators for L. flavimembris habitat 
(Go¢men and Karis 2017), and the air temperature interval 
of the active season of L. flavimembris ranged from 5—21 
°C, while monthly average precipitation ranged from 
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Fig. 4. Variables with the highest contributions to the potential 
distributions of L. flavimembris (a) and L. fazilae (b) according 
to MaxEnt, with the standard errors in shown blue. In each 
graph, the y-axis indicates the probability of presence and the 
x-axis shows the contribution of each variable. See Table 1 for 
definitions of the environmental variables. 
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Habitat Suitability Map 
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Fig. 5. MaxEnt habitat suitability maps for L. flavimembris (a) and L. fazilae (b). 
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57-335 mm (Baskale et al. 2019). On the other hand, 
Polat and Baskale (2018) stated that the greatest number 
of individuals of L. fazilae was observed at temperatures 
between 2 and 18 °C (mean 12.99 + 0.403 °C), and that 
the active period started with the first autumn rains and 
a sharp decrease in air temperature (< 20 °C), and ended 
with higher air temperatures (22 °C and above). 

Climatic conditions may also limit the distributions 
of both species, resulting in narrow distribution areas. 
Our habitat suitability models show that L. flavimembris 
and L. fazilae both have specific demands with respect 
to precipitation and temperature. Specifically, the 
Precipitation of Coldest Quarter (B1019) is 500-650 mm 
for L. flavimembris, while for L. fazilae the Precipitation 
of Coldest Quarter (Biol9; 600 mm), Precipitation 
Seasonality (Biol5; 100 mm), and Temperature 
Seasonality (Bio4; 5—6 °C) were found to be important 
predictors of its distribution. These results show that the 
current climatic conditions are sufficient for L. fazilae 
and L. flavimembris to survive. This supports the MaxEnt 
ClogLog values for L. fazilae and L. flavimembris given 
in Veith et al. (2020), which showed the prevalence of 
unsuitable current climatic conditions for the survival of 
many of the Lycian salamanders other than L. fazilae and 
L. flavimembris. 

In our models, vegetation is another of the 
environmental factors that determine the distributions 
of the two salamander species. Lyciasalamandra 
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flavimembris was detected in areas with an NDVI of 
10,000, indicating green areas with high canopy cover. 
For L. fazilae, the interval of the NDVI value was 
wider (1,000—10,000), hence its distribution area is 
characterized by more heterogeneous vegetation, such 
as pine forests, Mediterranean marquis, and olive tree 
fields. Our habitat compatibility model obtained with the 
MaxEnt method is compatible with the known biology 
of Lycian salamanders (Baran and Atatur 1998; Ozeti 
and Yilmaz 1994: Veith et al. 2001). Another consistency 
in our results is that the locations with the highest 
population densities and abundances of L. flavimembris 
and L. fazilae shown in Polat and Baskale (2018) and 
Baskale et al. (2019) are the same as the localities with 
high suitability values in our habitat suitability map. 

Our habitat suitability maps mostly reflect the known 
localities of both species, but it is important to consider 
some differences between the predicted model and 
the known habitats. For L. flavimembris, the habitat 
suitability map shows inhabitable areas to the west. 
Although the Yalikavak and Mazi Mountain (Milas) 
populations (Oguz et al. 2020) are located in this area, 
the potential distribution is extended even to the Bodrum 
district. This suggests that there are either important 
barriers to the species’ dispersion, or it has simply not 
yet been recorded from these areas. Moreover, the 
model predicted suitable habitats for L. fazilae within 
the distribution area of L. flavimembris (see also Veith 
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et al. 2020). This situation arises from the fact that both 
species prefer similar environmental variables such as 
Precipitation of Coldest Quarter and Bedrock. On the 
other hand, Veith et al. (2020) showed a strong degree of 
isolation among Lyciasalamandra populations, including 
phyloclades of L. fazilae, and two subspecies of L. fazilae 
are recognized: L. f fazilae and L. f ulfetae (Gocmen 
et al. 2018). However, Veith et al. (2020) claimed that 
the L. fazilae phyloclade diversity is higher than that 
reflected by current taxonomy, with five phyloclades 
forming three well-supported phylogenetic clusters: 
(faz-I + faz-II), faz-III, and (faz-IV + faz-V). The vertical 
extension of the Taurus Mountains between the Gocek 
and Dalaman districts constitutes the first (faz-I + faz-II) 
and the second (faz-III) phylogenetic clusters. However, 
the third cluster (Ulemez population and Sultaniye 
population) is geographically isolated by the Koycegiz 
Lake and Dalyan Canal in the east, and the Ulemez 
Mountain and the extensions of Taurus Mountains in the 
west and northwest (see Figs. 1 and 5b). 

In conclusion, potential distribution maps of L. 
flavimembris and L. jfazilae were created based on 
bioclimatic data and some environmental variables. These 
maps indicated that the current climatic conditions of 
the regions where both species live are suitable for the 
survival of the species. In addition, some populations of L. 
flavimembris (1.e., Yaylasogsut and Aricilar) and L. fazilae 
(i.e., Uzimlii and Gokceovacik) were located far from 
the Mediterranean coast, indicating that these species can 
tolerate more diverse climatic conditions. This study is an 
important step for the conservation of endangered species 
within and outside existing protected areas, and may help 
alleviate the population decline of both species. 
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Abstract.—With this analysis, we update the state of knowledge on the species richness, distribution, and 
conservation status of the turtles of Colombia, both at the national level and regionally within Colombia by 
hydrological drainages and geopolitical distribution units (departments). The richness patterns and conservation 
status are analyzed at taxonomic and geographic levels, and the implications of the description of new species on 
our knowledge of their distribution and conservation status in the country are discussed. Finally, annotations are 
given on the turtle species that have been introduced into Colombia, translocated within the country, erroneously 
reported, or deemed to be taxonomically invalid. Our conservative analysis in terms of richness (based upon 
validated occurrence records) confirms that there are 33 species and two subspecies of turtles in Colombia, of 
which five are sea turtles and 28 are tortoises or freshwater turtle species. Colombia has 17 genera of chelonians 
in nine families, so it is second behind Brazil in terms of the number of extant species in South America. The 
proportion of threatened species in Colombia exceeds 43%, and the threatened species are not evenly distributed 
among higher taxa or regions. Commonalities were found in the national conservation status assessments for 
most of the turtle species shared among the five most species-rich countries in South America, including sea 
turtles and podocnemidids (except for the podocnemidids in Brazil). 
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Resumen.—En este analisis actualizamos el estado de conocimiento sobre la riqueza de especies, distribucion y 
estado de conservacion de las tortugas de Colombia, tanto a nivel nacional, como por cuencas hidrologicas y por 
distribucion geopolitica (departamentos). Analizamos los patrones de riqueza y conservacion a nivel taxonomico 
y geografico, y discutimos las implicaciones de la descripcion de especies nuevas en el conocimiento de 
su distribucion y conservacion en el pais. Finalmente, hacemos anotaciones sobre las especies de tortugas 
introducidas, traslocadas a nivel nacional, erroneamente reportadas, o consideradas taxonomicamente 
invalidas. Nuestro analisis conservador a nivel de riqueza de especies (basados en registros de ocurrencia 
validados) confirma que en Colombia ocurren 33 especies y dos subespecies de tortuga, de las cuales cinco 
son marinas y 28 son terrestres o de agua dulce. Colombia cuenta con nueve familias de quelonios, 17 géneros 
y es segundo en Suramerica después de Brasil en terminos del numero de especies vivientes. La proporcion de 
especies amenazadas en Colombia excede el 43% y no se distribuye equitativamente por familia o por regiones. 
Encontramos similitudes en las evaluaciones nacionales de los estados de conservacion para la mayoria de las 
especies de tortugas compartidas entre los cinco paises de mayor riqueza del orden en Suramerica, incluyendo 
a las tortugas marinas y los podocnemididos (con la excepcion de los podocnemididos de Brasil). 
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Introduction 


The geographic range of a species is determined by 
a combination of ecological and historical factors, 
irrespective of political borders (Gaston 2003). However, 
species inventories are usually conducted for areas 
defined by artificial boundaries to produce species lists 
for specific protected areas or political regions. For 
example, national checklists have been used to identify 
“mega-diverse” countries, which can help donor agencies 
and conservation organizations prioritize their efforts to 
preserve biodiversity. Updates of national checklists may 
also help to document increases in the known species 
richness of a country, thereby providing a metric on the 
rate of growth in knowledge for a particular taxonomic 
group. National checklists provide an important first step 
in identifying species that face conservation concerns, 
because the responsibility for enacting and enforcing 
conservation legislation and actions lies with institutions 
at the national level. 

Colombia is one of the richest countries in terms of 
turtle species, and thus plays an important global role in 
their study and conservation. Ceballos-Fonseca (2000) 
published the first checklist of turtles for Colombia, 
which has been followed by other updates in the literature 
during the past two decades (Paez et al. 2012a; Morales- 
Betancourt et al. 2015a; Forero-Medina et al. 2016). The 
richness of the Colombian turtle fauna has also been 
summarized in several global turtle species compilations, 
such as Uetz et al. (2021) and the nine editions of the 
Turtle Taxonomy Working Group checklists (TTWG 
2021). Checklists should be updated frequently, 
especially for countries like Colombia where the effort 
of biodiversity studies, including turtles (Bock and Paez 
2017), has increased exponentially in recent years. 

The different checklists have all shown that Colombia 
and Mexico are the two countries with the most families 
of turtles (nine), and they rank among the top one- 
fifth globally in terms of turtle species richness (most 
recently, 33 species; TTWG 2021). However, these 
checklists have either failed to detail the sources of the 
records they were based upon or admitted to having 
used databases comprised of multiple kinds of records. 
However, voucher types vary considerably in terms of 
scientific merit (Lehn et al. 2007), from anecdotal reports 
of sightings found in gray literature reports, to e-vouchers 
such as photographs available on the Internet, to those in 
the published peer-reviewed literature, and catalogued 
museum voucher specimens. 

For this reason, the purpose of this study was to provide 
an updated checklist of the turtle species of Colombia, 
including information on their distribution within the 
country, based upon only the most scientifically solid 
evidence available. Thus, the information in this catalogue 
is limited almost exclusively to data from catalogued 
museum voucher specimens or from peer-reviewed 
publications in the scientific literature. Annotations are 
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provided in cases where taxonomic issues exist, as well as 
comments on the conservation status of new or otherwise 
non-evaluated taxa. Finally, analyses of the occurrence 
data are presented which compare the turtles found in 
different hydrological drainages and geopolitical units 
(departments) within Colombia, as well as comparisons 
of the species richness and conservation status of turtles 
in Colombia with the other turtle-rich countries in South 
America. 


Materials and Methods 


Previous checklists of Colombian turtles have sum- 
marized species distributions within the country either by 
hydrographic drainage (because most Colombian turtles 
are freshwater species) or by geopolitical distribution 
units (departments). This catalogue documents the 
occurrence of Colombian turtle species by department 
and by hydrographic drainage, with the latter based on 
the five macro-drainages recognized by the Instituto 
de Hidrologia, Metereologia y Estudios Ambientales 
(IDEAM 2013; Fig. 1): Amazon (AMA), Orinoco (OR), 
Caribbean (CAR), Magdalena-Cauca (MAG-CAU), and 
Pacific (PA). IDEAM considers the MAG-CAU drainage 
as distinct from the other Colombian rivers that drain into 
the Caribbean (CAR) due to its much greater discharge 
rate. Sea turtle species were excluded from the analyses 
involving these freshwater macro-drainages, but not 
from the analyses involving departments. 

First, the most recent nomenclatural listings of turtle 
species proposed by the TTWG (2021; and previous 
editions) were examined, along with the slightly different 
taxonomic scheme used by the online Reptile Database 
(Uetz et al. 2021). For all taxa that have been purported 
to occur in Colombia, voucher specimens were identified 
in various biological collection databases by accessing 
the websites of the Global Biodiversity Information 
Facility (GBIF.org 2021), HerpNET (HerpNET 2021), 
and the Sistema de Informacion sobre Biodiversidad de 
Colombia (SiB Colombia 2021). We attempted to locate 
at least one voucher specimen for each macro-drainage, 
as well as for each of the departments in Colombia where 
a species had previously been reported to occur. When 
multiple voucher specimens for the same department 
were located, the oldest voucher specimen was chosen 
for citation here as evidence of occurrence. This was 
done to minimize the risk of including specimens that 
were translocated to a location outside of their natural 
range, given the frequent releases of confiscated turtles 
by Colombian authorities in recent years, often with no 
knowledge of the provenance of the individuals being 
released (Morales-Betancourt et al. 2012a). 

Vouchers of the Colombian turtle species were 
found in the following collections, using the museum 
acronyms of Leviton et al. (1985) and Iverson (1992): 
AMNH: Herpetology-R (American Museum of Natural 
History Herpetology Collections), ARAUQ (Coleccion 
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Fig. 1. Map indicating the locations of the five macro-drainages used in this study IDEAM 2013). 


de Anfibios y Reptiles de la Universidad del Quindio), 
CBUMAG:REP (Coleccion Biologica de la Universidad 
del Magdalena: Reptiles), COLZOOCH-H (Coleccion 
Cientifica de Referencia Zoologica del Choco- 
Herpetologia), CVS (Reptiles Corporacion Autonoma 
Regional de los Valles del Sint y del San Jorge), FMNH 
(Field Museum of Natural History (Zoology) Amphibian 
and Reptile Collection), HERPETOS-UQ (Coleccion de 
Herpetologia de la Universidad de Quindio), [AVH-R 
(Coleccion de Reptiles del Instituto de Investigacion de 
Recursos Biologicos Alexander von Humboldt), [AVH- 
CT (Coleccion de Tejidos del Instituto de Investigacion 
de Recursos Biologicos Alexander von Humboldt), 
ICN-MHN-Rep o ICN (Coleccion de Herpetologia 
del Instituto de Ciencias Naturales de la Universidad 
Nacional de Colombia), KUH (University of Kansas 
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Biodiversity Institute Herpetological Collection), 
MCNUP-H (Coleccion Herpetologica del Museo de 
Ciencias Naturales de la Universidad de Pamplona), 
MHNU-H (Coleccion Herpetologica-Museo de Historia 
Natural Unillanos); MHUA-R (Coleccién de Reptiles, 
Museo de Herpetologia de la Universidad de Antioquia), 
MLS-quel (Coleccién de Quelonios Museo de La Salle 
Bogota), UIS-MHN (Coleccion Herpetologica del 
Museo de Historia Natural de la Universidad Industrial 
de Santander), MPUJ-REPT (Coleccion de Reptiles del 
Museo de Historia Natural de la Pontificia Universidad 
Javeriana), MVZ-Herp (Museum of Vertebrate 
Zoology, University of California Berkeley), SINCHI-R 
(Instituto Amazonico de Investigaciones Cientificas 
SINCHI), SMF (Forschungsinstitut und Natur-Museum 
Senckenberg), USNM (National Museum of Natural 
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History, Smithsonian Institution), and UV-C (Coleccion 
de Anfibios y Reptiles de la Universidad del Valle). 

To fill the gaps for macro-drainages or departments 
where no voucher specimens were found, the peer- 
reviewed scientific literature on Colombian turtle species 
was consulted. The book Biologia y Conservacion de las 
Tortugas Continentales de Colombia (Paez et al. 2012a) is 
a comprehensive edited volume with over 40 contributing 
authors that summarized the state of knowledge, at that 
time, on the tortoise and freshwater turtle species in 
Colombia. An analysis of the bibliography included 
in that book (Bock and Paez 2017) found that 269 
citations involved studies conducted within Colombia 
on one or more of its native turtle species. We used this 
database and complimented it with our personal working 
bibliographies of publications on sea turtles in Colombia, 
as well as the more recent publications on any turtle 
species in Colombia, to yield a comprehensive source 
of solid evidence for the occurrence of Colombian turtle 
species in different macro-drainages and departments. 
We also incorporated our own personal records from 
working on these species in Colombia. Finally, as a 
secondary means to corroborate the distribution of 
Colombian turtle species based upon literature records, 
for departments where our only evidence of presence 
was a published article, we also consulted iNaturalist 
(including non-research grade records; iNaturalist 2021) 
for photographs of those species that show taxonomically 
useful characters and were accompanied by geographic 
coordinates. 

For the data analysis, the comparisons of the turtle 
communities occurring within the five macro-drainages 
were conducted with a cluster analysis of the occurrence 
data, using a grouping analysis based on Jaccard indices 
with the vegan package (Oksanen et al. 2007) in R (R 
Core Team 2016). To summarize species richness data by 
department, maps were generated based on cartographic 
information obtained from the databases of the Instituto 
Geografico Agustin Codazzi (IGAC 2021) and the 
Sistema de Informacién Ambiental de Colombia (SIAC 
2021). The data were standardized in terms of format, 
coordinate system, scale, and resolution, and processed 
with ArcGIS software (version 10.4) (ESRI 2014). 


Results 
Species richness and distribution 


The presence of 35 taxa (33 species, two of which 
included two subspecies each) in Colombia was 
documented based on both voucher specimens and the 
published literature (Table 1). The lone exception was 
our failure to locate vouchers or literature records for 
the recently resurrected species Mesoclemmys wermuthi 
(but see the Recent taxonomic changes section below). 
If one accepts that 14 wermuthi is present in Colombia, 
then Colombia contains populations of a total of five sea 
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turtle species, 28 tortoise and freshwater turtle species, 
and one exotic species (Trachemys scripta elegans). The 
native Colombian species belong to both suborders (16 
Pleurodira species and 17 Cryptodira species) divided 
among nine families and 17 genera. Colombia has four 
endemic turtle species: Kinosternon dunni, Mesoclemmys 
dahli, Podocnemis lewyana, and Trachemys medemi. The 
most speciose families are Chelidae with nine species 
and Podocnemididae with seven species, constituting 
48.5% of the Colombian turtle fauna. 

In terms of the distributions of these species within 
Colombia, both vouchers and scientific publications 
confirmed the previously reported occurrences of turtle 
species in the five macro-drainages. However, at the 
level of departments, only the scientific publications 
confirmed all previously reported occurrences. Among 
the total of 263 occurrence reports for Colombian turtle 
Species in specific departments, voucher specimens could 
not be located to corroborate the evidence from scientific 
publications in 38% of the cases. Among those cases, 14 
reliable observations were found in iNaturalist to help 
corroborate the scientific literature reporting the presence 
of a species in a department. 

Among the macro-drainages, CAR possesses the 
highest species richness (14 species), followed by OR 
and AMA (13), MAG-CA (eight), and PA (six) (Fig. 
1). Nine species (Chelus fimbriata, Chelus orinocensis, 
Mesoclemmys wermuthi, Podocnemis erythrocephala, 
Podocnemis sextuberculata, Podocnemis vogli, Rhino- 
clemmys diademata, and Trachemys medemi) only occur 
in one of the five macro-drainages. In terms of species 
compositions, the two macro-drainages located east 
of the Andes (OR and AMA) differed from the three 
Andean macro-drainages (CAR, PA, and MAG-CA), 
with a dissimilarity of 95% (Fig. 2). The most similar 
macro-drainages were OR and AMA (56%), with nine 
shared species, and CAR and MAG-CA (60%), with eight 
shared species (Table 1). The MAG-CA macro-drainage 
lacked any unique species. The PA macro-drainage was 
grouped with the CAR and MAG-CA cluster, but with a 
low similarity (35%), and it shared seven species with 
CA and four of its species also occupy the MAG-CA 
macro-drainage. 

Eight departments make up Colombia’s Caribbean 
coastline, plus the island department of San Andres, 
Providencia, Santa Catalina, while the Pacific coastline of 
Colombia is divided among four departments. While all 
five of Colombia’s sea turtle species have been documented 
to forage and nest in some of Colombia’s departments, 
two species are restricted to only one coastline: Caretta 
caretta in the Caribbean and Lepidochelys olivacea in the 
Pacific. The Magdalena and Choco departments present 
the highest documented nesting species richness for sea 
turtles (four species each). 

Among the non-marine turtles of Colombia, 
our analysis found that four species (Chelonoidis 
carbonarius, Kinosternon leucostomum, Kinosternon 
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Fig. 2. Cluster diagram comparing turtle community species compositions of the five macro-drainages in Colombia. 


scorpioides, and Rhinoclemmys melanosterna) have 
the widest distributions, occupying from 17 to 20 of 
Colombia’s departments; while at the other extreme are 
seven species with restricted ranges within the country: 
Mesoclemmys wermuthi and Rhinoclemmys diademata 
only occur in one department, Kinosternon dunni and 
Trachemys medemi only occur in two departments, and 
Chelus orinocensis, Podocnemis erythrocephala, and 
Rhinemys rufipes only occur in three departments. The 
departments with the highest species richness (including 
marine turtles) are Amazonas with 13 species, and 
Antioquia, Caqueta, Chocd, Cordoba, Guainia, Meta, 
and Vichada with 12 species each. At the other extreme, 
Huila, Norte de Santander, Quindio, Risaralda, and 
Tolima each have only three species or less (Fig. 3). 

Of the 33 Colombian turtle species, only four 
(Chelus fimbriata, Chelus orinocensis, Rhinoclemmys 
diademata, and Rhinoclemmys nasuta) have museum 
voucher specimens which document their occurrence in 
all departments within their ranges. The species with 
the most poorly documented distributions in Colombia 
include one of the endemic species, Mesoclemmys dahli 
(only two of the six departments where it occurs have 
vouchers), Peltocephalus dumerilianus (only two of the 
nine departments), Podocnemis sextuberculata (only 
one of four departments), and all five sea turtle species 
(Chelonia mydas, two of 11 departments; Eretmochelys 
imbricata, four of 11; Dermochelys coriacea, two 
of 10; Caretta caretta, two of five; and Lepidochelys 
olivacea, two of four). We do not know if the only 
voucher of Mesoclemmys raniceps (from only one of 
the five departments where it occurs) truly belongs to 
this species or 1s actually a specimen of M. wermuthi. 
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Erroneous reports and species otherwise excluded 
from this checklist 


Chelonia agasizzi (Bocourt, 1868). Ceballos-Fonseca 
(2000) listed Chelonia agasizii as having a distribution 
that includes the Pacific coast of Colombia. However, 
the consensus since then has been that there is no 
justification for recognizing the “black sea turtle” as a 
valid species, but rather that these populations simply 
constitute somewhat distinctive populations of the 
Green Sea Turtle, C. mydas (Karl and Bowen 1999; 
TTWG 2017). 


Chelonia mydas (Linnaeus, 1758). Ceballos-Fonseca 
(2000) stated that this species nests on both the 
Caribbean and Pacific coasts of the Choco Department, 
but in the Caribbean portion of the Chocé Department 
no nesting by this species has been documented, with 
sightings limited to juvenile individuals foraging in 
marine grasses along the coast (C. Ramirez-Gallego and 
K.G. Barrientos-Mufioz, pers. comm.). Nesting by this 
species on the Pacific coast of the Chocé Department is 
sporadic (Barrientos-Mufioz et al. 2013). 


Eretmochelys imbricata (Linnaeus, 1766). Ceballos- 
Fonseca (2000) reported that this species nests on 
both coasts of Colombia. However, nests have only 
been documented on Caribbean beaches in Colombia, 
while nesting by this species in the Pacific has not been 
recorded, although there have been a few sightings 
of individuals foraging there (Barrientos-Mufioz et 
al. 2015a, 2020; Gaos et al. 2010; Tobon-Lopez and 
Amorocho 2014; Trujillo-Arias et al. 2014). 
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Fig. 3. Map indicating turtle species richness by department in Colombia. 


Lepidochelys kempii (Garman, 1880). Ceballos- 
Fonseca (2000) listed Lepidochelys kempii as occurring 
along the Caribbean coast of Colombia. However, the 
range of this species has been characterized as limited 
to coastal habitats of the northern Gulf of Mexico and 
northwestern Atlantic Ocean (Mexico and the USA; 
Marquez 1990; TTWG 2017), with occasional sightings 
of individuals in the northeastern Atlantic (Bolton 
and Martins 1990; Covelo et al. 2016) and even in the 
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Mediterranean (Insacco and Spadola 2010). While it is 
possible that Lepidochelys kempii individuals occasional 
wander into Colombian waters, we found no voucher 
Specimens or reports in the peer-reviewed literature to 
support this possibility, so this species was not included 
in the current checklist. 


Lepidochelys olivacea (Eschscholtz, 1829). Ceballos- 
Fonseca (2000) reported that this species occurs and nests 
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on both the Pacific and Caribbean coasts of Colombia, 
describing the Caribbean presence as “accidental” 
(Ceballos-Fonseca 2004). However, this species has only 
been documented to occur and nest along the Pacific coast 
of Colombia thus far (Barrientos-Mufioz et al. 2014; 
Barrientos-Mufioz et al. 2015b), with no documentation 
of the species occurring or nesting on Colombia’s 
Caribbean coast. It is possible that individuals may 
occasionally traverse the Caribbean waters of Colombia, 
as sightings in the Caribbean and sporadic nesting on 
Caribbean islands have been reported (Eckert and Eckert 
2019; Moncada and Romero 2015), but the principal 
nesting colonies of this species in the western Atlantic 
Ocean occur in Guyana, Suriname, and French Guiana 
(Eckert and Eckert 2019; Marquez 1990). 


Phrynops tuberosus (Peters, 1870). Historically, the most 
widespread chelid species in South America was considered 
to be Phrynops geoffroanus, withthe morphological variation 
throughout its range leading some authors to consider it as 
comprised of different subspecies, including P. g. tuberosus 
(Muller 1939; Wermuth and Mertens 1961; Duellman 
1978). The taxonomic revision of Phrynops by McCord et 
al. (2001) elevated P. tuberosus to the species level, and it 
is currently considered to be restricted to northeastern South 
America in Venezuela, Guyana, and Brazil (TTWG 2021). 
However, Ferrara, et al. (2017) claimed that P tuberosus 
occurs throughout the northern Amazon of Ecuador, Peru, 
Colombia, Brazil, and Venezuela, based upon the results 
of a molecular analysis in the thesis of Carvalho (2016). 
While recent publications from Brazil have shown that the 
Phrynops complex is comprised of several cryptic species, 
or at least evolutionarily significant units (Friol 2014; 
Carvalho et al. 2016), the molecular evidence arguing that 
Colombian populations should be considered P. tuberosus 
rather than P. geoffroanus has yet to be published, so we 
therefore do not replace P. geoffroanus with P. tuberosus in 
this checklist. 


Podocnemis lewyana (Duméril, 1852). Castafio-Mora 
and Medem (2002a) reported that this species had 
been extirpated from the Rio Rancheria (La Guajira 
Department) based on a mention of this conclusion in 
a non-peer reviewed document by Hurtado-Septlveda 
(1973), and this claim was perpetuated in later literature 
(i.e., Paez et al. 2012a, 2013). However, a niche 
modeling analysis to predict potential habitat for this 
species both now and under different scenarios of future 
global climate change (Ortiz-Yusty et al. 2014) failed to 
predict the presence of P. Jewyana in the Rio Rancheria, 
and the visits to this drainage that were part of the 
ground-confirmation effort in this analysis also failed to 
detect this species or any indications that local people 
recognized it from photographs. They concluded that the 
report by Hurtado-Septlveda (1973) of its extirpation 
from Rio Rancheria was questionable, and for this reason 
we do not include the La Guajira Department in the 
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distribution of this species. 
Recent taxonomic changes 


Chelidae 


Chelus. Matamata turtles exhibit geographic variation 
in carapace shape and color, with individuals from 
the Orinoco drainage having rounder, lighter colored 
carapaces than Amazonian individuals (Pritchard and 
Trebbau 1984; Sanchez-Villagra et al. 1995; Pritchard 
2008). An examination of two mtDNA fragments (Lasso 
et al. 2018) also revealed haplotype differences between 
the Orinoco and Amazonian individuals from Colombia. 
Finally, an examination of three mtDNA fragments, 
one nuclear DNA fragment, and multiple SNPs from 
individuals across the range of Chelus fimbriata (sensu 
lato) revealed a deep phylogenetic division between 
samples from the Orinoco, Rio Negro, and Essequibo 
drainages versus samples from the Amazon and Mahury 
drainages, prompting Vargas-Ramirez et al. (2020) to 
elevate the former clade to the species level as Chelus 
orinocens!s. 


Mesoclemmys heliostemma (McCord, Jospeh-Ouni, 
and Lamar, 2001). This species was described based on 
five voucher specimens and nine live individuals from the 
western Amazon region, specifically northeastern Peru, 
eastern Ecuador, and southern Venezuela (McCord et al. 
2001). Molina et al. (2012) examined eight additional 
individuals from eastern Peru and northern Brazil, and 
concluded that the species is valid and morphologically 
distinct from M. raniceps (but see Cunha et al. 2019). 
They suggested that reports of M heliostemma for 
Colombia were cases of misidentification of M. raniceps 
individuals. The previous TTWG checklist (TTWG 
2017) mentioned Colombia as likely to include M. 
heliostemma, presenting a range map with a polygon that 
included Colombia but without any point locations. Our 
searches failed to find any vouchers or literature reports 
corroborating the occurrence of this species in Colombia. 
Finally, Cuhna et al. (2019) reviewed the convoluted 
history of the taxonomy of the genus Mesoclemmys and 
presented evidence indicating that females of MZ. raniceps 
may oviposit clutches that produce hatchlings with both 
M. raniceps and M. heliostemma phenotypes. They 
concluded that M. heliostemma should be considered 
a junior synonym to M. raniceps and warned against 
describing species solely on the basis of differences in 
color patterns. This recent taxonomic proposal, combined 
with the lack of any vouchers or literature records for the 
occurrence of turtles exhibiting the “M. heliostemma” 
phenotype in Colombia, led us to exclude this species 
from our checklist. 


Mesoclemmys ranicpes and M. wermuthi. Cuhna 


et al. (2019) not only synonymized M. raniceps and 
M. heliostemma, they also resurrected the species 
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Mesoclemmys wermuthi, which had been previously 
synonymized with M. raniceps (Bour and Pauler 1987). 
They also argued that the name Mesoclemmys maculata 
had precedence as the correct name for this resurrected 
species. Although the most recent TTWG (2021) checklist 
chose to recognize the species, it retained the name M. 
wermuthi. Apparently both M. raniceps and M. wermuthi 
have been reported to occur along the Colombian borders 
with Peru and Brazil (TTWG 2021), but our searches 
only produced one voucher specimen identified as M 
raniceps. Thus, this is the one instance in which we failed 
to find a rigorous record for a species purported to occur 
in Colombia (M wermuthi), or alternately, the voucher 
we located is actually a specimen of M. wermuthi that 
was misidentified, in which case we lack a rigorous 
record for M. raniceps. 


Emydidae 


Slider turtles. The slider turtles in the Atrato River 
drainage and the Gulf of Uraba region in northwestern 
Colombia have long been recognized as morphologically 
distinct from the slider turtles from other more eastern 
populations in Colombia, located along the Caribbean 
coast and in the Sinu, Magdalena, and the lower 
Cauca river drainages (Williams 1956; Medem 1958). 
Medem (1962) and Ceballos-Fonseca and Brand (2014) 
summarized the details of these morphological differences 
which involve plastron and color pattern characteristics. 
However, over the past two decades, the taxonomy of 
both “western” and “eastern” Colombian slider taxa has 
been unstable (as has the taxonomy of slider turtles in 
the Americas overall). The names assigned to the more 
widespread eastern slider turtle taxon in Colombia 
include Pseudemys scripta ornata (Williams 1956), 
Pseudemys scripta callirostris (Moll and Legler 1971; 
Pritchard and Trebbau 1984), Trachemys callirostris 
(Seidel 2002), and Trachemys venusta callirostris (Fritz 
et al. 2012; Parham et al. 2015). Similarly, the names 
employed for the western Colombian slider turtle taxon 
include Pseudemys scripta ornata (Williams 1956), 
Pseudemys scripta venusta (Moll and Legler 1971), 
Pseudemys scripta ca. venusta (Pritchard and Trebbau 
1984), Trachemys venusta (Seidel 2002), Trachemys 
venusta uhrigi (McCord et al. 2010), and Trachemys 
medemi (Vargas-Ramirez et al. 2017). 

Studies on the relationships of these two taxa to 
other slider turtle species and subspecies, as well as 
phylogeographic studies of their origins, have also been 
equivocal. Over the past two decades, various cladistic 
analyses have concluded that the two slider turtle taxa in 
Colombia are either closely (Stephens and Weins 2003) or 
distantly (Seidel 2002) related, and are of Mesoamerican 
(Jackson et al. 2008; Fritz et al. 2012) or Caribbean 
(Stephens and Weins 2003) origin, or both (Seidel 2002). 
Most recently, Vargas-Ramirez et al. (2017) expanded 
upon the study by Fritz et al. (2012) by adding samples 
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from 12 individuals of the western Colombian slider 
turtle to their genetic analysis of mtDNA and nuclear 
DNA. They concluded that South America has been 
colonized twice by slider turtles from Central America; 
first by the ancestor of Trachemys dorbigni (currently 
occurring in Brazil, Uruguay, and Argentina) and the 
western Colombian slider, which they elevated to the 
species level, assigning the name 7rachemys medemi. 
Much later, Colombia was again colonized from Central 
America by the ancestor of the eastern Colombian slider 
(Trachemys venusta callirostris) and the Venezuelan 
slider (Trachemys venusta chichiriviche). 


Translocated native and exotic species 


The occurrence of Chelonoidis carbonarius on the 
Caribbean island of Providencia (CAR macro-drainage, 
San Andres, Providencia, and Santa Catalina Department) 
has long been assumed to be due to either pre-colonial 
or more recent human transport (Castafio-Mora and 
Lugo-Rugeles 1981). This also seems to be the case for 
the population of Kinosteron scorpioides albogulare 
occupying the island of San Andrés (Montes-Correa et 
al. 2017; McCraine 2018). Medem (1969) also reported 
several apparently successful attempts by colonists 
in the Amazonian region to introduce populations of 
Podocnemis expansa into the upper Caqueta and Caguan 
rivers (AMA macro-drainage, Caqueta Department), 
presumably because of the economic importance of this 
species, but we failed to find any museum vouchers to 
support this claim. The only other documented case to 
date of apparent artificial range expansion for a turtle 
species in Colombia is from a publication (including 
museum voucher information) documenting — the 
occurrence of Trachemys venusta callirostris individuals 
in several locations 1n Quindio Department (Cordillera 
Central of the Andes mountains) at approximately 1,500 
m asl (Adames-Jiménez et al. 2018). 

Our searches for voucher specimens in this study 
failed to document any additional suspicious location 
records for Colombian turtles (i.e., individuals collected 
far outside of their previously known ranges), except for 
vouchers in the collection of the ICN that erroneously cite 
the municipality of Villavicencio in the Meta Department 
for some locality data. For example, ICN-MHN-Rep 
7531, 7544, 7546, 7646, 7713, 7855, 7856, and 7859 
are all Trachemys venusta callirostris specimens listed 
for the Meta Department. Presumably, these turtles were 
collected within their natural range and transported to 
the Estacion de Biologia Tropical Roberto Franco by 
Federico Medem, where they were kept in captivity until 
their deaths, and then deposited in the ICN collection 
with the locality data indicating where they died rather 
than reflecting where they had been collected. 

Exotic species occasionally appear among the turtles 
that are confiscated by environmental authorities as they 
are being transported in Colombia. There is no way to 
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estimate how many of these individuals are released into 
natural habitats when authorities fail to recognize them 
as exotics, but when confiscated turtles are correctly 
identified as non-native species, Colombian authorities 
usually relocate them to zoological parks or aquariums. 
For example, individuals of the Venezuelan endemic 
Mesoclemmys zuliae occasionally appear on lists of fauna 
confiscated by Colombian authorities (A. Echeverry- 
Alcendra, pers. comm.) and some eventually make their 
way into zoological collections. Another example is 
an individual of the Mediterranean Mauremys leprosa 
(Bertolero and Busack 2017) that was confiscated in 
Bogota in 2003 and relocated to the Barranquilla Zoo, 
generating an entry for this species for Colombia in 
the Global Register of Introduced and Invasive Species 
records (Baptiste et al. 2018). This database also lists 
Trachemys scripta elegans for Colombia. This slider 
subspecies presumably entered Colombia as_ part 
of the illegal pet trade. The Zoological Information 
Management System (ZIMS 2021) documents that some 
individuals of this exotic species are housed in some 
zoos in the country. There are more ambiguous anecdotal 
reports of Trachemys scripta elegans individuals living 
freely in Cundinamarca Department, as well as in 
portions of the Cauca and Magdalena river drainages 
(Morales-Betancourt et al. 2012b). However, we found 
no museum vouchers of 7rachemys scripta elegans or 
any other exotic turtle species that were collected in 
natural habitats in Colombia. 


Conservation status update and summary 


The book Libro Rojo de Reptiles de Colombia (Morales- 
Betancourt et al. 2015a) updated Castafio-Mora (2002a), 
and evaluated the conservation status of all turtle species 
in Colombia using the most recent IUCN criteria for 
the first time (IUCN 2012). However, three recent 
changes in turtle taxonomy create the need to examine 
their implications regarding the conservation status 
of the species in Colombia. In 2015, Chelus fimbriata 
was Classified as Least Concern (LC) based upon its 
wide distribution and apparent abundance, despite the 
recognition that the illegal pet trade poses a threat to 
some populations (Morales-Betancourt et al. 2015a). The 
splitting of this species into Orinoco (Chelus orinocensis) 
and Amazonian (Chelus fimbriata) species (Vargas- 
Ramirez et al. 2020) does not substantially modify 
this assessment, and we recommend that both species 
tentatively be considered as LC as well, at least until 
their next formal reassessment. Similarly, the recognition 
of Mesoclemmys warmuthi as a valid species and its 
apparent co-occurrence with M. raniceps in the Amazon 
department argues that both should be assigned a Data 
Deficient (DD) status at present. Finally, Trachemys 
callirostris (here Trachemys venusta callirostris) was 
classified as Vulnerable (VU) in 2015, while Trachemys 
venusta (here Trachemys medemi) was classified as DD 
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(Morales-Betancourt et al. 2015a). The recent taxonomic 
revision (Vargas-Ramirez et al. 2017) did not affect the 
classification of either taxon, so Trachemys venusta 
callirostris should continue to be considered as VU at the 
national level and 7rachemys medemi should continue to 
be classified as DD. 

With this updated classification of the threat levels 
faced by the Colombian turtle species, the sea turtles 
exhibit the highest level of conservation concern, with 
all five species categorized in one of the three threatened 
categories (VU, EN, or CR; IUCN 2012). Next is the 
family Podocnemididae, with four of its seven species 
(54%) being classified in a threatened category. In terms 
of macro-drainages, the CAR macro-drainage is the 
most impacted, with 43% of its turtle species considered 
threatened, while the AMA macro-drainage is at the 
other extreme, with only 16% of its species considered 
as threatened. Finally, in terms of the 27 departments 
that possess at least four turtle species, seven (Bolivar, 
Cundinamarca, La Guajira, Magdalena, San Andrés, 
Providencia, and Santa Catalina, Santander, and Sucre) 
exhibit the highest proportions of turtle species facing 
conservation concerns (more than 60%), followed by 
six departments (Antioquia, Atlantico, Boyaca, Cesar, 
Choco, and Cordoba) with more than 50% of their turtle 
species categorized as facing some level of threat. It is 
relevant to examine the threat levels by department in 
Colombia because it is usually at this local level that 
conservation decisions are made and resources are 
appropriated for management actions. 

With respect to bordering countries, all four South 
American countries that share borders with Colombia have 
recently published updated turtle species checklists which 
include evaluations of their conservation status at the 
national level (Venezuela: Rodriguez et al. 2015; Brazil: 
ICMBio 2018, Costa et al. 2022; Peru: SERFOR 2018; 
Ecuador: assessment from IUCN Red List 2018, Torres- 
Carvajal et al. 2019). Together, these five countries are the 
most diverse in terms of turtle species in South America. 
The results of our update are compared to those of these 
other four species-rich neighboring countries in Table 2. 
With 33 species, Colombia ranks second behind Brazil 
(38) in turtle species richness. All five countries largely 
concur that their sea turtle species should be considered 
as threatened, but Brazil does not classify any of their 
podocnemidid species as threatened, while almost all 
species in this family in the remaining four countries are 
classified nationally as either VU, EN, or CR (except for 
two species classified as DD in Colombia). 


Discussion 


Although turtles are relatively large and conspicuous, as 
well as ecologically, and often economically, important 
(Lovich et al 2018), they are poorly represented in reptile 
collections in general (~4% of all specimens; Lehn et al. 
2007). Most turtle species are easily identifiable even as 
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Table 2. Extant turtle species that occur in the five most species-rich South American countries and their global and national 
conservation status. Cells in gray indicate species that are categorized as facing some level of threat by that country. Conservation 
status at the national level as taken from: Colombia: Morales-Betancourt et al. 2015; Venezuela: Rodriguez et al. 2015; Brazil: Livro 
Vermelho da Fauna Brasileira Amenagada de Extincao 2018; Peru: SERFOR 2018; Ecuador: Torres-Carvayjal et al. 2019. Global 
conservation status based upon the IUCN Red List (http://www. iucnredlist.org). 


Taxon Brazil Colombia Ecuador Peru Venezuela Global status 
Suborder Cryptodira 
Family Chelydridae 
1. Chelydra acutirostris xX x NE 
Family Geoemydidae 
2. Rhinoclemmys annulata x x NT 
3. Rhinoclemmys diademata a: aa | Se LC 
4. Rhinoclemmys melanosterna x x LG 
5. Rhinoclemmys nasuta x x NT 
6. Rhinoclemmys punctularia x xX LC 
Family Emydidae 
7. Trachemys adiutrix | a7 EN 
8. Trachemys dorbigni x LC 


9. Trachemys medemi sp. nov. x NE 


10. Trachemys venusta (T. v. 
callirostris in Colombia, T. v. 
chichiriviche in Venezuela) 


Family Kinosternidae 


11. Kinosternon dunni 


12. Kinosternon leucostomum xX xX Le 

13. Kinosternon scorpioides x x x x x LC 

Family Testudinidae 

14. Chelonoidis carbonarius x x Le 

15. Chelonoidis denticulatus x xX xX VU 

16. Chelonoidis niger Varies among the 
subspecies 


Family Cheloniidae 
17. Caretta caretta 
18. Chelonia mydas 


19. Eretmochelys imbricata 


20. Lepidochelys olivacea 


Family Dermochelyidae 


21. Dermochelys coriacea 


Suborden Pleurodira 


Family Chelidae 

22. Acanthochelys x NT 
macrocephala 

23. Acanthochelys radiolata x NT 

24. Acanthochelys spixii x NT 

25. Chelus fimbriata x x x xX LC 

26. Chelus orinocensis sp. nov. x x x EC 

27. Mesoclemmys dahli [te 
28. Mesoclemmys gibba x x x x x LC 
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Table 2 (continued). Extant turtle species that occur in the five most species-rich South American countries and their global and 
national conservation status. Cells in gray indicate species that are categorized as facing some level of threat by that country. 
Conservation status at the national level as taken from: Colombia: Morales-Betancourt et al. 2015; Venezuela: Rodriguez et al. 
2015; Brazil: Livro Vermelho da Fauna Brasileira Amenacada de Extin¢ao 2018; Peru: SERFOR 2018; Ecuador: Torres-Carvajal et 
al. 2019. Global conservation status based upon the IUCN Red List (http://www. iucnredlist.org). 


Taxon Brazil Colombia 


29. Mesoclemmys jurutiensis xX 
sp. nov. 


30. Mesoclemmys nasuta 

31. Mesoclemmys perplexa 
32. Mesoclemmys raniceps 
33. Mesoclemmys tuberculata 


34. Mesoclemmys vanderhaegei 


x KK KK 


35. Mesoclemmys wermuthi 
36. Mesoclemmys zuliae 
37. Phrynops geoffroanus 
38. Phrynops hilarii 

39. Phrynops tuberosus 

40. Phrynops williamsi 

41. Platemys platycephala 
42. Ranacephala hogei 

43. Rhinemys rufipes 


44. Hydromedusa maximiliani 


KS MM MMM XK 
~< 


45. Hydromedusa tectifera 


Family Podocnemididae 


~< 


46. Peltocephalus dumerilianus 


~< 


47. Podocnemis erythrocephala 
48. Podocnemis expansa xX 
49. Podocnemis lewyana 

50. Podocnemis sextuberculata x 
51. Podocnemis unifilis xX 


52. Podocnemis vogli 


Ol KK <M KK RK OX 


Total number of families 8 
Total number of genera 20 17 
Total number of species 38 33 

% Threatened species 24.3 42.4 


neonates, so space limitations cannot fully explain their 
scarcity in collections. Vouchering neonates would also 
have a limited demographic impact on threatened turtle 
populations (Heppell 1998). Therefore, we urge turtle 
biologists to be more aware of the need to deposit voucher 
specimens 1n museums in order to better document 
the distributions of the species they are studying, 
and to allow the re-examination of specimens when 
taxonomic changes occur. For example, in Colombia 
there is currently a need to reassess Matamata and M. 
raniceps voucher specimens in collections, in view of 
the recent split of Chelus fimbriatus into two species 
and the resurrection of M. wermuthi as a valid species 
separate from M. raniceps (Vargas-Ramirez et al. 
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Ecuador Peru Venezuela Global status 

NE 

LC 

NE 

Xx x Le 

LC 

NT 

x NE 

x VU 

x x x LC 

LC 

x NE 

VU 

x 4 x ke. 

CR 

NT 

VU 

KG 

x x 4 VU 

x VU 

x x 4 LR/cd 

CR 

x VU 

x 4 x VU 

xX LC 
8 6 8 
15 13 15 
21 17 22 

42.8 47.0 47.8 


2020; Cunha et al. 2019, 2021). Such a reassessment 
would permit a re-definition of their documented 
distributions in Colombia and identify possible areas 
of sympatry. Re-examination of Colombian slider 
turtle voucher specimens would also be desirable 
now that the two Trachemys taxa in Colombia have 
been shown to be valid and distinctive species, 
rather than merely subspecies (Vargas-Ramirez et al. 
2017), to better determine their range limits and/or 
identify possible zones of contact. Having accurate 
distribution information on turtle species is relevant 
to conservation, given that three of the five criteria the 
IUCN employs to categorize threat levels for species 
consider the size of the range of the species being 
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classified (IUCN 2012). 

We also encourage future authors to report voucher 
specimens as support for the inclusion of each species 
in their inventory checklists. Erroneous, unsubstantiated 
reports tend to self-perpetuate in the literature when 
rigorous supporting evidence is not proffered. In this 
checklist, despite our conservative approach of only 
including species that were supported by museum 
vouchers and scientific publications, we have shown 
Colombia to house a large and diverse turtle fauna that 
includes species from nine families. The evidence of 
occurrence of the non-marine turtle species within the 
five main hydrological drainages in Colombia was well 
supported both by vouchers and literature, but many gaps 
remain in terms of not finding vouchers to support the 
occurrence of various turtle species at the department 
level. Surprisingly, sea turtles were among the species 
most poorly documented by specimens in museum 
collections in terms of departmental occurrence, despite 
the attention they receive from conservation NGOs. 
The failure of sea turtle biologists to deposit voucher 
specimens in biological collections in the past means that 
now we cannot distinguish between the two explanations 
for the disparities in reports of where certain species 
nest (i.e., erroneous historical reports of nesting versus 
extirpation of these populations during the past decades). 

Photographic vouchers of species occurrences 
uploaded to the Internet represent another means to 
incorporate citizen science into species distribution 
databases (Brown and Williams 2018), but we 
made sparing use of such records here. Some online 
records either include photographs that do not show 
taxonomically important characters, fail to mention 
whether the individual in the photograph was part of a 
captive collection, or only provide “obscured” geographic 
data to avoid revealing the precise locality information 
to potential commercial collectors. While sites such as 
iNaturalist offer opportunities to refine our information 
on the distributions of Colombian turtle species, care 
should be used in evaluating such evidence (Tiago et 
al. 2017). Photographic vouchers are complementary, 
but should never be considered as a replacement for the 
scientific collecting of vouchers for deposit in curated 
biological collections. 

We have probably failed to locate some important 
voucher specimens during our searches, 1n part because 
some collections in Colombia still do not publish their 
voucher data online. Our hope 1s that this publication will 
stimulate others to make currently “hidden” voucher data 
accessible, as well as to continue updating the voucher 
information now contained in Table 1. Such efforts 
will provide rigorous evidence for the occurrence of all 
species in all departments in Colombia, both by reporting 
additional relevant vouchers that exist but we were 
unable to find, and especially by encouraging targeted 
collecting efforts in the departments that now genuinely 
lack vouchers. Additional collecting efforts may also 
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add new species to our national inventory for Colombia, 
such as Mesoclemmys gibba in the Vichada department, 
Mesoclemmys zuliae in the Cesar and Norte de Santander 
departments, and perhaps Trachemys venusta venusta or 
Trachemys grayi in the Choco region along the Caribbean 
or Pacific borders with Panama, respectively. 

Hopefully, future scientific collecting efforts for 
turtles will also routinely include the deposition of 
genetic samples in museum collections along with the 
preserved specimens, as genetic data can reveal “cryptic” 
species (Vargas-Ramirez et al. 2020) and evolutionarily 
significant units (Jensen et al. 2014; Vargas-Ramirez et 
al. 2010). Genetic data also may help in identifying cases 
of genetic contamination, since native turtle species in 
Colombia are collected and transported as part of the 
illegal national and international pet trade and for the 
human consumption market. For the OR and AMA 
basins, species such as C. fimbriata and C. orinocensis 
are illegally harvested and transported to Leticia for 
export to Peru, a country where the international turtle 
trade is legal, unlike Colombia (Lasso et al. 2018). 
For example, records indicate that exports of P. unifilis 
from Peru to Hong Kong and China have increased up 
to 190-fold in less than a decade (Sinovas et al. 2017). 
Unfortunately, there are no reliable data on the magnitude 
of harvests for most species, but the data that do exist 
on the confiscation rates of illegally transported turtles 
suggest the harvest is massive (Arroyave et al. 2014; 
Lasso et al. 2018; Morales-Betancourt et al. 2012a). In 
many cases, environmental authorities in Colombia do 
not record information on confiscations (or voluntary 
surrendering of illegal wildlife pets) in a standardized 
manner, but the limited information available (Morales- 
Betancourt et al. 2012a) suggests that the most widely 
trafficked species are (in descending order) 7rachemys 
venusta callirostris, Podocnemis unifilis, Chelonoidis 
carbonarius, and Podocnemis expansa. 

Environmental authorities in Colombia often fail to 
register and monitor the fates of turtles they confiscate 
and relocate for reinforcement or reintroduction in 
a consistent manner (IUCN 2013). Individuals of 
native turtle species are sometimes released within 
the jurisdiction of the environmental authority that 
confiscated the turtles, despite a lack of information 
on the provenance of the individuals. These authorities 
also transfer many confiscated turtles, especially those 
confiscated in urban centers, to other areas for release, 
again without knowing the exact provenance of the 
individuals. In addition, people who buy turtles as pets 
in Colombia (which is an illegal practice) or receive 
them as gifts often decide later to release them in natural 
habitats, again without knowing their origin. Thus, the 
risks of genetic contamination and/or artificial range 
expansion for native turtle species in Colombia appear 
to be high. Although fast, cost-effective, and practical 
genetic protocols have recently been developed to 
aid in identifying the source of confiscated Matamata 
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turtles in Colombia, at least to the level of the correct 
river basin (Cardefiosa et al. 2021), much work remains 
before similar protocols are available for the majority of 
species that are subjected to illegal harvest and transport 
in the country. Such efforts not only help to avoid genetic 
contamination of native populations, but also reduce the 
time and cost of maintaining individuals in captivity, 
reducing the health and welfare risks to these turtles. 

Our analyses revealed considerable geographic 
heterogeneity in turtle species richness in Colombia, 
and they also revealed substantial variation in the 
conservation status of the turtles that occupy different 
regions of the country. CAR was both the most species- 
rich of the five macro-drainages and the one with the 
greatest percentage of threatened turtle species. This 
region of Colombia has suffered from substantial 
perturbation and loss of natural habitats (Correa-Ayram 
et al. 2018). It is also where the custom of consuming 
turtles is culturally the strongest, especially during lent 
(Morales-Betancourt et al. 2012a). In terms of taxonomy, 
the most threatened turtle species in Colombia are the 
sea turtles and podocnemidids (i.e., the largest species), 
suggesting that harvest for human consumption 1s a more 
important factor than collecting for the pet trade, as is the 
case for most other large vertebrate species in the world 
(Ripple et al. 2017). The national threat classifications 
for turtles in Colombia are comparable to similar national 
classifications for the same species in neighboring 
countries, with the exception of Brazil where the threat 
levels of podocnemidids are considered to be lower for 
some reason. The only other divergence with respect to 
the classifications of podocnemidids was Colombia’s 
classifications of Peltocephalus dumerilianus and 
Podocnemis sextuberculata as DD. We suspect that when 
more data on these two species in Colombia become 
available, they will be updated to receive a classification 
of some level of threat, as in the neighboring countries 
(excluding Brazil). 

About 14% of Colombia’s maritime territory is 
designated as protected areas (RUNAP 2018), so all sea 
turtle species have ranges that contain some refuge from 
harvest. The percentage of terrestrial territory in protected 
areas in Colombia is slightly higher (~16%), yet it fails to 
afford protection to all of the non-marine turtle species. 
Forero-Medina et al. (2014) reported that only 15 of the 
25 non-marine Colombian turtle species they evaluated 
had records documenting their occurrence in protected 
areas (PAs); however, they noted that information on 
the distribution of some of these species predicted their 
undocumented occurrences in these PAs. The situation 
of having better documentation of species occurrences 
outside of PAs may reflect the historical difficulties 
associated with collecting in national parks and other 
PAs in Colombia, due to both existing legislation (MADS 
2015, 2016) and restricted access to these areas due to 
armed conflicts (Negret et al. 2017). 

It has long been recognized that conservation strategies 
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cannot rely exclusively on the existence of nature reserves 
(Western 1989; DeClerck et al. 2010; Morales-Betancourt 
and Lasso 2015a). In Colombia, many protected areas 
are also recognized as reserves where ethnic groups 
are allowed to engage in subsistence hunting (Moreno 
and Negrete 2012) and/or are located in regions where 
armed conflict occurs (Davalos 2001; Clerici et al. 2020; 
Liévano-Latorre et al. 2021), making the protection of 
turtle species in these areas difficult. In addition, nature 
reserves are not insurance against possible impacts on 
turtle populations from global climate change (Ihlow et 
al. 2012). Protecting the rich turtle fauna of Colombia 
will require monitoring of the populations both within 
(Laurance et al. 2012) and outside of reserves, and 
implementing effective mitigation efforts when declines 
are detected. Continued vouchering of the distributions 
of Colombian turtles should be a part of this effort, as 
evidence of range declines is one of the most compelling 
indicators that a species is becoming threatened (IUCN 
2012). 


Conclusions 


Here we present an updated, annotated checklist of the 
turtle species of Colombia, compiled using a conservative 
approach that only includes species documented by 
museum vouchers and peer-reviewed scientific literature. 
Colombia includes 33 turtle species belonging to nine 
families. We also assessed the quality of the evidence 
for the occurrence of each of these species in the five 
major hydrological drainages and each department in 
Colombia. Occurrence in the drainages was confirmed 
by vouchers and the literature, but there are gaps in 
terms of evidence for the occurrence of some species 
in some departments. We evaluated the threat levels 
for turtle species in Colombia based on taxonomy and 
geographic regions, and urge biologists to recognize the 
importance of vouchering specimens of turtle species 
in biological collections. A better documentation of the 
distributions of these species, and changes in their range 
sizes, is essential for correctly classifying their threat 
levels and for reducing the number of species that must 
be designated as Data Deficient. 
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Abstract.—Salamandra infraimmaculata is one of the prominent members of the Turkish herpetofauna, which 
is currently classified as Near Threatened by the IUCN. Although many studies of its morphology, ecology, 
and phylogeny have been conducted in recent years, many issues concerning its taxonomic structure and 
morphometry remain unresolved. In the present study, morphometric characters and color-pattern features 
of the specimens of Salamandra infraimmaculata captured from ivriz, Halkapinar, Konya Province are given 
in detail and compared with the data available in previous studies. In addition, the climatic niche preferences 
of this species were determined using ecological niche modelling, and three WorldClim bioclimatic variables 
were found to restrict the species presence: Minimum Temperature of Coldest Month (Bio6), Mean Temperature 
of Wettest Quarter (Bio8), and Precipitation of Warmest Quarter (Bio18). Even though this study revealed the 
potential habitat preferences of this species, clearly more detailed studies are needed to resolve the problematic 
taxonomical issues. 
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Introduction 


The genus Salamandra currently includes six recognized 
species: S. algira Bedriaga, 1883; S. atra Laurenti, 1768; 
S. corsica Savi, 1838: S. infraimmaculata Martens, 1885; 
S. lanzai Nascetti, Andreone, Capula and Bullini, 1988: 
and S. salamandra Linnaeus, 1758 (Rodriguez et al. 
2017). One of them, the Near Eastern Fire Salamander S. 
infraimmaculata, is amember of the Turkish herpetofauna 
(Baran etal. 2012). Salamandra infraimmaculata was first 
described as Salamandra maculosa vat. infraimmaculata 
from Bcharré, Lebanon (Martens 1885). This species 
is now known from Turkey, Syria, Lebanon, northern 
Israel, northern Iraq, and western Iran and includes three 
subspecies: S. i. infraimmaculata Martens, 1885, S. 7. 
orientalis Wolterstorff, 1925, and S. i. semenovi Nesterov, 
1917 (Joger and Steinfartz 1995; Steinfartz et al. 2000). 
In Turkey, these three subspecies are found in Hatay 
province (S. 7. infraimmaculata), in Adana, Mersin, and 
Malatya provinces of southern Turkey (S. i. orientalis), 
and in Bitlis and Erzincan provinces of eastern Turkey 
(S. i. semenovi) (Joger and Steinfartz 1995; Veith et al. 
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1998; Steinfartz et al. 2000). 

Specimens of this taxon from Turkey were previously 
treated as S. salamandra (Eiselt 1966; Schmidtler 
and Schmidtler 1970; Oz 1987; Oz and Arikan 1990; 
Arikan et al. 1990; Baran and Oz 1994). However, the 
Kemaliye (Erzincan) population was assigned to S. s. 
infraimmaculata (Fachbach 1971), and the subspecies 
was later elevated to the full species level based on 
serum protein patterns (Gasser 1978). According to 
comparisons of blood-serum proteins among the various 
Salamandra populations by polyacrylamide disc gel 
electrophoresis, the populations in Turkey were classified 
as S. infraimmaculata (Joger and Steinfartz 1995). The 
study by Bohme et al. (2013) on various attributes of 
S. infraimmaculata reported that S. i. semenovi has a 
typical scrolled pattern of yellow rings, semicircles, and 
similar pattern elements, while the color pattern of both 
nominates of form S. 7. orientalis has larger broad solid 
flecks and small, yellow spots over the whole body except 
for the belly. In S. 7. infraimmaculata, the yellow dots are 
large and extend over the whole body, except the belly. 
There are usually four yellow spots on the head, one on 
each parotoid and one above each eye (Rastegar-Pouyani 
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and Fizi 2006). Previous molecular phylogenetic studies 
identified six major monophyletic groups belonging to 
this genus, which were separated from each other by 5 
to 13 million years (Veith et al. 1998; Steinfartz et al. 
2000; Weisrock et al. 2006; Vences et al. 2014; Pyron and 
Wiens 2011; Rodriguez et al. 2017). 

One molecular study claimed that the populations 
occupying the Zagros Mountains (Iran) are genetically 
close to the southeastern populations of Turkey, and it has 
been suggested that some populations in southern Turkey 
can be considered as a new subspecies because the type 
locality of S. i. semenovi is in the other clade (Ahsani 
et al. 2019). Based on additional herpetological studies 
in Turkey, the known geographical distribution of S. 
infraimmaculata has recently been expanded (Coskun et 
al. 2013; Olgun et al. 2015; Sarikaya et al. 2017; Akman 
et al. 2018; Sami and Yildiz 2018; Yildiz et al. 2019), 
although the taxonomic state of the species division into 
three subspecies 1s still not fully clarified (Steinfartz et al. 
2000; Olgun et al. 2015; Ahsani et al. 2019). 

In this study, the morphological characters of S. 
infraimmaculata salamanders collected from a new 
locality in Turkey are described, which may shed some 
light on the taxonomy of this species. In addition, the 
climatic conditions affecting the distribution of S. 
infraimmaculata were determined using ecological niche 
modelling. 


Materials and Methods 


Sampling. On 17 November 2019, one adult male (Fig. 
1A) and one adult female (Fig. 1B) of S. infraimmaculata 
were collected from Ivriz, Halkapinar, Konya Province 
(Fig. 2). The salamanders used in this study were 
found under stones during the daytime (between 1100 
and 1200 h) and collected by hand after a heavy rain. 
The localities where the specimens were collected are 
situated near small creeks, and their geographic positions 
were recorded with a GPS receiver (Garmin eTrex 30). 
The sex of the captured individuals was determined 
through secondary sexual characters, i1.e., males have a 
prominent (swollen) cloaca (BasoZlu and Ozeti 1973). 
Morphometric measurements and the color and pattern 
characteristics of the specimens were recorded in the field 
and the specimens were released at the capture locations. 


Morphological characteristics. All morphological 
measurements were recorded using a digital caliper 
(Mitutoyo, Kawasaki, Japan) with an accuracy of 0.01 
mm. Measurements of body parts and their ratios follow 
previously published papers on salamanders (Oz 1987; 
Olgun et al. 2015), and are as follows: total body length 
(TBL), tip of snout to tip of tail; body length (LCP), 
length from snout to anterior end of cloaca opening; 
snout-vent length (SVL), tip of snout to posterior end of 
cloaca opening; tail length (TL), length from posterior end 
of cloaca opening to tip of tail; forelimb length (FLL); 
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hindlimb length (HLL); distance between fore- and hind 
limbs length (DFHL); head length (HL), distance from 
snout to gular fold; head width (HW); parotoid length (PL); 
parotoid width (PW); and distance between anterior of each 
parotoid (DAP). In addition, the ratios of DFHL/SVL, 
PL/HL, PW/HW, PW/PL, HW/HL, TL/SVL, HL/LCP, 
FLL/SVL, TL/SVL*100, HL/LCP*100, HW/HL*100, 
FLL/SVL* 100, HLL/SVL*100, and TL/TBL*100 were 
calculated. Statistical analyses were carried out using 
STATISTICA 6.0 (StatSoft, Inc., Tulsa, Oklahoma, USA) 
to determine descriptive statistics for the measurements of 
the salamanders. Morphometric measurements were then 
compared to previously published data (Oz 1987; Oz and 
Arikan 1992; Olgun et al. 2015). 


Ecological niche modelling. A total of 56 records 
were collected from the published literature and on- 
going fieldwork over the course of a few years (Fig. 2; 
Supplementary Table 1). The 56 records were thinned to 
A4 localities using ‘spThin’ (Aiello-Lammens et al. 2015) 
in R (R Core Team, 2019), and the thinning distance 
was selected as 10 km. WorldClim bioclimatic variables 
(Biol—19, Supplementary Table 2) were downloaded at 
0.5 arcmin resolution using the raster package (Hijmans 
2017) as environmental predictors. The minimum convex 
polygon was used as the background extent of the study 
region, and buffered by 0.5 degrees. Predictor rasters 
by the background extent and the random background 
points sampled were masked with values of 10,000. These 
processes were handled with the sp (Pebesma and Bivand 
2019) and rgeos (Bivand and Rundel 2019) packages in 
R. The occurrence records were partitioned by the block 
method (k = 4) using the ENMeval (Muscarella et al. 2014) 
package in R, and MaxEnt was run successfully with 
output evaluation results for 45 clamped models. Wallace, 
which is a flexible platform for reproducible modeling of 
species niches and distributions, was used for the complex 
workflows above (Kass et al. 2018). Later, according to the 
lowest AICc value (Supplementary Table 3), MaxEnt was 
run again with the following parameters: Linear, Hinge 
and Quadratic as features; regularization multiplier: 4; and 
number of replicates: 30. The Area Under the Receiver 
Operating Characteristic (ROC) Curves (AUC) value, 
averaged over the 30 replicated runs, was considered as 
an additional measure of model performance. Models 
with AUC = 0.5 indicate a performance equivalent to 
“random,” AUC > 0.7 indicates “useful” models, and 
AUC = 0.9 indicates models with “excellent” performance 
(Manel et al. 2001). 


Results 


Descriptive statistics of the metric measurements of 
the specimens are given in Table 1. The total length of 
specimens (TBL) was measured as 226.83 mm for the 
male and 155.85 mm for the female. The SVL of the male 
was 134.92 mm, while it was 99.25 mm for the female. 
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Distribution range expansion of Salamandra infraimmaculata 
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Fig. 1. Samples of Salamandra infraimmaculata captured from the new locality: 


(A) male and (B) female. 


In the two specimens, the ground color of the upper 
side of the head is black with two larger solid yellow 
flecks (Fig. 1). In the male, these flecks are separated from 
each other, but in the female, they are in contact. While 
the female has small yellow spots on the side of the head 
on a black background, the male specimen is spotless. 
There is no pigmentation forming a faint dark dot on 
the parotoid glands. The ground color of the dorsum is 
blackish with a scattered pattern of large varying forms 
of yellow maculation that are sometimes in contact with 
each other. There are yellow spots on the side of the 
body, especially in the female. Although the gular region 
has maculation, the female has two obvious yellow flecks 
rather than dot-shaped staining, which is more common 
in males. In males, the ventral surface shows sparse 
dots consisting of small yellow spots, while females 
have purely black undersides. Both specimens show 
medium-sized yellow flecks on the black background of 
the extremities (Fig. 1). Comparative morphological data 
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on the populations of this species in different regions of 
Turkey are given in Table 2. 

The average test AUC for the replicate runs was 
0.863, and the standard deviation was 0.145. Among the 
bioclimatic variables, Bio6 showed the highest percentage 
contribution (51.9%), whereas Bio18 and Bio8 had lower 
percentages of 20.7 and 12.1, respectively, and all other 
variables were under 10%. The optimal habitat for this 
species within the minimum convex polygon appeared 
to be across the middle Taurus and Amanos mountains in 
southern Anatolia (Fig. 3). 


Discussion 


Salamandra_ infraimmaculata is a polytypic species, 
which is currently recognized as three discrete 
taxonomic units: S. i. infraimmaculata Martens, 1885 
(Turkish Hatay, Syria, Lebanon, and northern Israel), S. 
i. orientalis Wolterstorff, 1925 (south and southeastern 
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Fig. 2. Distribution patterns of Salamandra infraimmaculata throughout southern Anatolia together 


with the new locality record. 
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Fig. 3. Predicted distribution of Salamandra infraimmaculata under current climatic conditions. Warm 
colors (red and yellow) show suitable habitats, whereas the blue color represents unsuitable habitats for 


S. infraimmaculata. 


Turkey), and S. i. semenovi Nesterov, 1917 (easternmost 
Turkey, western Iran, and northern Iraq) (Joger and 
Steinfartz 1995; Steinfartz et al. 2000; Bohme et al. 
2013). However, the taxonomic status of its subspecies 
and their distributions are still unclear (Steinfartz et al. 
2000; Bohme et al. 2013). 

The new locality record presented in this study 
extends the known range of S. infraimmaculata by about 
70 km to the northwest, as measured from the nearest 
previous locality of Findikipinar1, Mersin. The new 
locality (Ivriz, Halkapinar, Konya) indicates that the 
distribution area of the species may extend throughout 
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the Eastern Taurus Mountains to the western direction. 
Several studies have reported data on the body sizes 
of the three subspecies. Schorn and K wet (2010) reported 
that S. 7. orientalis is smaller in size than the other two 
subspecies (S. i. infraimmaculata and S. i. semenovi). 
The maximum value for Israeli Fire Salamanders (S. 
i. infraimmaculata) was given as 316 mm by Eiselt 
(1958), while it was reported as 202 mm for Iraqi 
specimens corresponding to S. i. semenovi (Bohme et 
al. 2013). Finally, within the distribution area of the 
S. i. orientalis, Bohme et al. (2013) reported the total 
length of specimens from Findikpinari, Mersin, and Ilica 
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Fig. 4. The marginal response curves of S. infraimmaculata to (A) Minimum Temperature of Coldest Month (B106), 
(B) Mean Temperature of Wettest Quarter (Bio8), and (C) Precipitation of Warmest Quarter (Biol18). The red lines 
and blue shading respectively show the mean responses of the 30 replicate MaxEnt runs and the mean plus/minus one 


standard deviation. 


in Turkey as 200 mm and those from Kahramanmaras, 
Turkey as 255 mm. In the present study, the total body 
length was 226.83 mm for the male specimens. As can 
be seen from the values given above, the suggestion that 
adults of S. i. orientalis are smaller than the other two 
forms, as Bohme et al. (2013) stated, is not correct. 
According to Bohme et al. (2013), S. i. semenovi has 
the typical, scrolled pattern of yellow rings, semicircles, 
and similar pattern elements, while the color pattern of 
both S. i. orientalis and the nominotypical form consists 
of larger solid flecks. The color-pattern characteristics 
alone are not enough to distinguish the Fire Salamanders 
for taxonomically assigning individuals (Bohme et al. 
2013). However, phylogenetic and phylogeographic 
information obtained from different molecular 
techniques can be combined with the knowledge of 
morphology and distribution, producing a more accurate 
taxonomic placement for the studied specimens. 
Considering the niche modelling of S. infraimmaculata 
in Syria, one study reported a positive relationship 
between fitness and the Precipitation of Coldest 
Quarter (Bogaerts et al. 2013). In this study, among 
the climatic variables used in the ecological niche 
modelling, Minimum Temperature of the Coldest 
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Month (Bio6), Mean Temperature of Wettest Quarter 
(Bio8), and Precipitation of Warmest Quarter (Bio18) 
are the most important. Generally, in southern 
Anatolia, S. infraimmaculata can survive in the low 
temperatures in winter months. In other words, the 
known occurrences for S. infraimmaculata have 
minimum temperatures between -15 and 0 °C (Fig. 
AA). Similarly, S. infraimmaculata can tolerate mean 
temperatures between -8 and 0 °C in summer months 
(Fig. 4B). Additionally, the species is not found in 
localities with high precipitation, whereas it can adapt 
to low precipitation in the summer months (Fig. 4C). In 
particular, the temperature niches of S. infraimmaculata 
can explain local population abundances in the south of 
Anatolia (Bowler et al. 2015). 

There are still many uncertainties regarding the 
taxonomic structure of S. infraimmaculata, which 
makes it difficult to determine the distribution limits 
of the taxonomic groups within this species. In this 
study, a new locality record for the species is reported 
by revealing its potential habitat preferences. However, 
more detailed studies are needed to fully resolve 
the taxonomic uncertainties and to more thoroughly 
document the distribution preferences of the species. 
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Supplementary Table 1. Presence data of the Salamandra infraimmaculata localities used in the model. 


Locality 


Ivriz, Halkapinar, Konya 
Maden Village, Ulukisla, Nigde 
Camltyayla, Mersin 
Findikpinar, Mersin 

Gozne, Mersin 

Omerli Village, Pozanti, Adana 
Omerli Village, Pozanti, Adana 
Kamusli, Pozanti, Adana 
Akcatekir, Pozanti, Adana 
Belemedik, Pozanti, Adana 
Saimbeyli, Adana 

Feke, Adana 

Kozan, Adana 

Boztahta, Kozan, Adana 
Culluusag1, Kozan, Adana 
Camdere, Kozan, Adana 

Baraj, Kozan, Adana 

Yamanli, Tufanbeyli, Adana 
Camlibel, Aladag, Adana 
Belenkoy, Adana 

Daripinari, Adana 

Bahc¢e, Osmaniye 

Kozakh Village, Iskenderun, Hatay 
Iskenderun, Hatay 

Bekbele Plateau, Iskenderun, Hatay 
Demen Plateau, Iskenderun, Hatay 
Cardak Plateau, Hassa, Hatay 
Egribucak, Hassa, Hatay 
Kapili yolu, Dértyol, Hatay 
Harbiye, Hatay 

Kozkalesi, Altinézt, Hatay 
Yenikoy, Samandag, Hatay 
Arkitca, Kirikhan, Hatay 


Altinboga Village, Andirin, Kahramanmaras 


Ilica Village, Kahramanmaras 
Sugozu, Besni, Adryaman 

Yasmurlu village, Gerger, Adryaman 
Tut, Adiyaman 

Kaslica, Tut, Adiyaman 

Meydank6oy, Golbas1, Adryaman 
Harmanli, Gélbas1, Adryaman 
Salihli Village, Kemaliye, Erzincan 
Kemaliye, Erzincan 


Yuva Village, Kemaliye Erzincan 
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Latitude 


37.430556 
37.448889 
37.183016 
36.917778 
37.005833 
37.528056 
37.526944 
1D) 
31329722 
37.365833 
38.000833 
37.810833 
37.444722 
37.635556 
37.680278 
S7653333 
37512222 
38.182307 
37.474429 
37.865833 
37.141883 
SP 2VI222 
36.479444 
36.585556 
36.612550 
36.635556 
36.838611 
36.750833 
36.864444 
36.124722 
36.099980 
36.222778 
36.509167 
37.626096 
37.839878 
37.669669 
37.968325 
37.808611 
37.803813 
37.810277 
37.843888 
39330269 
39.266111 
39.247924 


145 


Longitude 


34.181111 
34.630278 
34.591682 
34.372223 
34.559722 
34.8575 
34.851111 
34.955556 
34.786389 
34.921944 
36.090556 
35.919167 
35.807778 
36.011388 
35.864167 
35.816389 
35.863889 
36.242130 
35.068174 
35.855277 
34.725625 
36.573055 
36.122778 
36.218333 
36.229809 
36.244167 
36.443611 
36.454166 
36.399167 
36.131944 
36.189077 
35.986389 
36.294999 
36.340641 
36.870419 
37.786397 
39.029137 
37M 
1979159 
37.644999 
37.758056 
38.502082 
38.4975 
38.509211 
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Reference 


This study 
Baran and Oz (1994) 
Baran and Oz (1994) 
Baran and Oz (1994) 

Olgun et al. (2015) 
Olgun et al. (2015) 
Olgun et al. (2015) 
Sarikaya et al. (2017) 
Sarikaya et al. (2017) 
Sarikaya et al. (2017) 
Baran and Oz (1994) 
Baran and Oz (1994) 
Baran and Oz (1994) 
Sarikaya et al. (2017) 
Sarikaya et al. (2017) 
Sarikaya et al. (2017) 
Sarikaya et al. (2017) 
Sarikaya et al. (2017) 
Sarikaya et al. (2017) 
Sarikaya et al. (2017) 
Bohme et al (2013) 
Ozeti and Yilmaz (1994) 
Baran and Oz (1994) 
Olgun et al. (2015) 
Yildiz et al. (2019) 
Yildiz et al. (2019) 
Olgun et al. (2015) 
Yildiz et al. (2019) 
Yildiz et al. (2019) 
Yildiz et al. (2019) 
Yildiz et al. (2019) 
Yildiz et al. (2019) 
Yildiz et al. (2019) 
Olgun et al. (2015) 
Olgun et al. (2015) 
Sami and Yildiz (2018) 
Sami and Yildiz (2018) 
Sami and Yildiz (2018) 
Sami and Yildiz (2018) 
Sami and Yildiz (2018) 
Sami and Yildiz (2018) 
Baran and Oz (1994) 
Baran and Oz (1994) 
Olgun et al. (2015) 
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Supplementary Table 1 Continued. Presence data of the Salamandra infraimmaculata localities used in the model. 


Locality Latitude Longitude Reference 
Aslantepe, Malatya 38.381928 38.361328 Baran and Oz (1994) 
Gunduizbey Village, Malatya 38.278889 38.269444 Olgun et al. (2015) 
Eskihalfeti, Sanliurfa ST ASOIDZ 37.871666 Olgun et al. (2015) 
Tagar Stream, Cemisgezek, Tuncelli 39.064444 38.905278 Olgun et al. (2015) 
Sttlice, Tunceli 39.036944 39.165833 Olgun et al. (2015) 
Gelinodalar1, Pilimir, Tunceli 39.470112 39906898 Olgun et al. (2015) 
Sosuksu Village, Ergani, Diyarbakir 38.399089 39.656633 Olgun et al. (2015) 
Sagirkaya, Hizan, Bitlis 37.991108 42.569625 Akman et al. (2018) 
Alatepe Village, Ilica, Bingél 39.059281 40.756134 Cicek et al. (2017) 
Deringay Village, Karliova Bingol 39.13 2289 40.824913 Cicek et al. (2017) 
Deliktas, Bitlis 38.347686 42.041075 Akman et al. (2018) 
K6sepinar1, Osmaniye 37.595694 36.155118 Unpub. data (Serkan Gil) 


Supplementary Table 2. Definitions of the 19 WorldClim bioclimatic variables. 


Variable Definition 

BIOI Annual Mean Temperature 

BIO2 Mean Diurnal Range (Mean of monthly (max temp - min temp)) 
BIO3 Isothermality (BIO2/BIO7) (<100) 

BIO4 Temperature Seasonality (standard deviation x100) 
BIOS Max Temperature of Warmest Month 

BIO6 Min Temperature of Coldest Month 

BIO7 Temperature Annual Range (BIOS-BIO6) 
BIO8 Mean Temperature of Wettest Quarter 

BIO9 Mean Temperature of Driest Quarter 
BIOI10 Mean Temperature of Warmest Quarter 
BIOI1 Mean Temperature of Coldest Quarter 
BIO12 Annual Precipitation 

BIOI3 Precipitation of Wettest Month 

BIO14 Precipitation of Driest Month 

BIOI5 Precipitation Seasonality (Coefficient of Variation) 
BIO16 Precipitation of Wettest Quarter 

BIOI7 Precipitation of Driest Quarter 

BIO18 Precipitation of Warmest Quarter 

BIOI9 Precipitation of Coldest Quarter 
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Supplementary Table 3. Performance of the 48 models created during the evaluation process for Salamandra infraimmaculata. The 
gray-shaded entry shows the settings chosen for the model. FC: Feature Classes, RM: Regularization Multiplier, AlCc: corrected 
Akaike Information Criterion. 


FC RM AICe FC RM AICe FC RM AICe 
if 0.5 1091.86 L a 1094.35 it 3.5 1095.11 
LQ 0.5 1076.99 LQ 2 1053.38 LO 3.5 1055.45 
H 0.5 NA H 2 1078.45 H 3.5 1065.6 
LOH 0.5 NA LOH 2 1045.37 LOH 3.5 1045.81 
LOHP 0.5 NA LOHP 2 1042.53 LOHP 3.5 1051.03 
id 1 1087.92 if 2.5 1090.27 L 4 1096.62 
LO 1 1059.28 LO 2.5 1053.95 LQ 4 1056.35 
H 1 1383.18 H 2.5 1067.06 H 4 1055.19 
LOH 1 1289.72 LOH 2.5 1049.89 LOH 4 1040.85 
LOHP 1 1332.03 LOHP 2.5 1049.21 LOHP 4 1065.72 
L 1.5 1088.85 L 3 1091.14 L 4.5 1101.69 
LO 1.5 1060.73 LO 3 1054.65 LQ 4.5 1057.37 
H 1.5 1087.01 H 3 1061.92 H 4.5 1058.83 
LOH 1.5 1057.83 LOH 3 1051.48 LOH 4.5 1042.09 
LOHP 1.5 1069.73 LOHP 3 1048.21 LOHP 4.5 1051.51 
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Introductory page. Xenosaurus mendozai Nieto-Montes de Oca, Garcia-Vazquez, Zufiga-Vega, and Schmidt- 
Ballardo, 2013. The Granular-Scaled Lizard occurs in the states of Querétaro, from where it was first described, 
and Hidalgo. The species was dedicated to Fernando Mendoza Quiyano, a Mexican herpetologist who contributed 
substantially to the herpetofauna of the states in the central region of Mexico. In this study, and according to Wilson 
et al. (2013a), we determined its EVS as 16, placing it in the high vulnerability category. According to IUCN, its 
conservation status 1s unknown, and this species is not listed by SEMARNAT. This individual was found in the 
municipality of Jacala de Ledezma, Hidalgo, near the type locality in the state of Querétaro. Photo by Christian 
Berriozabal-Islas. 
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Abstract.—The herpetofauna of the state of Querétaro, Mexico, consists of 129 species, including 27 anurans, 
seven caudates, 92 squamates, and three turtles. Regarding the distribution of the herpetofaunal species 
among the three recognized physiographic regions in the state, the total number of species ranges from 43 in 
the Transmexican Volcanic Belt to 102 in the Sierra Madre Oriental. The individual species inhabit from one to 
three regions (X = 1.6). The majority (78.3%) of the native herpetofauna of Queretaro is found in one or two of 
the three regions, which is of conservation significance. The majority of the remaining single-region species 
inhabit the Sierra Madre Oriental (54), followed by 15 in the Central Plateau and eight in the Transmexican 
Volcanic Belt. The Coefficient of Biogeographic Resemblance (CBR) indicates that the Sierra Madre Oriental 
and the Central Plateau share the largest number of species (45) due to their adjacent positions, relatively large 
areas, and because they contain the first and second largest numbers of species. A similarity dendrogram 
based on the Unweighted Pair Group Method with Arithmetic Averages (UPGMA) demonstrates that the Central 
Plateau and the Transmexican Volcanic Belt share the highest level of herpetofaunal resemblance (0.60). Within 
the distributional categories, the largest numbers of species are the country endemics (67 of 129), followed 
by the non-endemics (60) and the non-natives (2). The principal environmental threats to the herpetofauna 
of Querétaro are the increasing and unregulated clearing of forests for farming and raising livestock, road 
construction, the ever-increasing pollution of bodies of water, and the cultural perceptions of various 
herpetofauna. The conservation status of the native species was evaluated by employing the SEMARNAT (NOM- 
059), IUCN, and EVS systems, of which the EVS was the most useful. Using the two Relative Herpetofaunal 
Priority (RHP) methods to designate the rank order significance of the physiographic regions, the highest 
ranks were obtained for the Sierra Madre Oriental. In considering the features of the three protected areas in 
Queretaro, we determined that two are located in the Transmexican Volcanic Belt, which is the least important 
region from a conservation perspective. We also determined that only 79 of the 127 native species recorded 
from Queretaro are known to occur in any of the three protected areas. Finally, we provide a set of conclusions 
and recommendations in an effort to ensure the future protection of the herpetofauna of Queretaro. 


Keywords. Amphibia, Anurans, caudates, physiographic regions, protected areas, protection recommendations, Rep- 
tilia, squamates, turtles 


Resumen.—La herpetofauna de Queretaro, Mexico, consta de 129 especies, incluyendo 27 anuros, siete 
caudados, 92 escamosos y tres tortugas. Documentamos la distribucion de las especies de herpetofauna 
entre las tres regiones fisiograficas que reconocemos. El numero total de especies varia de 43 en la Faja 
Volcanica Transmexicana a 102 en la Sierra Madre Oriental. Las especies individuales habitan de una a 
tres regiones (xX = 1,6). Una proporcion del 78.3% de la herpetofauna nativa de Querétaro se encuentra en 
una o dos de las tres regiones, lo cual es de gran importancia para la conservacion. El mayor numero de 
especies de una sola region habita en la Sierra Madre Oriental (54), seguido de 15 en la Meseta Central y 
ocho en la Faja Volcanica Transmexicana. Un coeficiente de semejanza biogeografica (CBR) indica que la 
Sierra Madre Oriental y la Meseta Central comparten el mayor numero de especies (45), debido a su ubicacion 
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adyacente, su area relativamente grande y su albergue del primer y segundo mayor numero de especies. Un 
dendrograma de similitud basado en el metodo de grupos de pares no ponderados con promedios aritméticos 
(UPGMA) demuestra la Meseta Central y la Faja Volcanica Transmexicana comparten la mayor semejanza de 
herpetofauna (nivel 0.60). Con referencia a las categorias de distribucion, la mayor cantidad de especies es la 
de las endémicas del pais (67 de 129), seguidas de las no endemicas (60) y las no nativas (2). Las principales 
amenazas ambientales para la herpetofauna de Queretaro son la creciente y desmedida tala de bosques para la 
agricultura y la ganaderia, la construccion de caminos, la constante y creciente contaminacion de los cuerpos 
de agua, y la percepcion cultural de los miembros de la herpetofauna. Evaluamos el estado de conservacion 
de las especies nativas empleando los sistemas SEMARNAT (NOM-059), UICN y EVS, de los cuales el sistema 
EVS fue el mas util. También utilizamos los dos métodos de Prioridad relativa de la herpetofauna (RHP) para 
designar la importancia del orden de clasificacion de las regiones fisiograficas y determinamos los valores mas 
altos para la region de la Sierra Madre Oriental. Examinamos las caracteristicas de las tres areas protegidas en 
Queretaro y determinamos que dos de las tres estan ubicadas en la Faja Volcanica Transmexicana, que es la 
region menos importante desde una perspectiva de conservacion. Tambien determinamos que solo 79 de las 
127 especies nativas registradas en Queretaro, se registran en total de las tres areas protegidas. Finalmente, 
emitimos un conjunto de conclusiones y recomendaciones para la futura proteccion de la herpetofauna de 
Querétaro. 


Palabras Claves. Anfibios, anuros, areas protegidas, caudados, escamosos, regiones fisiograficas, reptiles, recomen- 
daciones de proteccion, tortugas 
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“It was an event that changed the course of natural 
history—wiping out three-quarters of all species, 
including anything on land larger than the size of a 
domestic dog. It ended the 175-million-year reign of the 
dinosaurs. Life would have to rebuild... For 66 million 
years since then, nature has been at work reconstructing 
the living world, recreating and redefining a new diversity 
of species. And one of the products of this rebooting of 
life was humanity.” 


David Attenborough (2020) 
Introduction 


Querétaro, a relatively small state in north-central 
Mexico, is positioned in a northwest to southeast 
direction at the intersection of three major physiographic 
regions: the Sierra Madre Oriental in the northeast, the 
Central Plateau in the middle, and the Transmexican 
Volcanic Belt in the southwest (Fig. 1). To the north, 
Querétaro is bounded by San Luis Potosi, to the east 
by Hidalgo, to the south by México and Michoacan, 
and to the west by Guanajuato. The area of Querétaro 
is 11,699 km’, which ranks 27" in size among the 32 
federal entities in Mexico (http://wikipedia.org; accessed 
22 July 2019); only Colima, Aguascalientes, Morelos, 
Tlaxcala, and Ciudad de México are smaller. Querétaro’s 
area represents only 0.6% of the country, while the 
human population of the state in 2015 was reported as 
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2,038,372, which ranks 22"! (16.0%) in the country. The 
population density is indicated as 170/km?, or 7" in the 
country (http://wikipedia.org; accessed 22 July 2019), 
which is 2.8 times the average density for Mexico. The 
state of Querétaro, therefore, lies within the most densely 
populated region of Mexico (1.e., the area surrounding 
the Mexican metropolitan area), which includes the 
states of México, Morelos, Tlaxcala, Aguascalientes, 
Guanajuato, and Puebla. Only Aguascalientes is slightly 
removed from the other states in this heavily-populated 
region. Although a significant amount of environmental 
deterioration 1s expected to occur in Querétaro, the state 
still supports “a diversity of undisturbed environments... 
such as cloud forest, pine forest, oak [forest], and tropical 
deciduous forest” (Cruz-Elizalde et al. 2019). 

The highest elevation in the state 1s 3,360 m (http:// 
wikipedia.org; accessed 22 July 2019) on Cerro el 
Zamorano, along the border with Guanajuato in the 
Central Plateau, and a communications facility is present 
on this peak (http://googlemaps.com; accessed 22 July 
2019). Elevations over 3,000 m also occur in the two 
other physiographic regions of the state (http://wikipedia. 
org; accessed 22 July 2019). 

Since Querétaro encompasses portions of three major 
physiographic regions in Mexico as described above, 
it could be expected to have a herpetofauna somewhat 
comparable to those of Puebla and/or Hidalgo. However, 
Querétaro is significantly smaller than either Puebla 
(34,306 km’; Woolrich-Pifia et al. 2017) or Hidalgo 
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Fig. 1. Physiographic regions in the state of Querétaro, Mexico, and location of the state of Querétaro in Mexico. The map 1s based 


on INEGI (2000). 


(20,813 km’; Ramirez-Bautista et al. 2020). Furthermore, 
Hidalgo contains portions of four physiographic regions, 
including the Gulf coastal lowlands, and Puebla contains 
six regions, including the Gulf coastal lowlands and two 
valley regions. Accordingly, it is more useful to compare 
the herpetofaunas recorded in the same physiographic 
regions in Puebla and Hidalgo, which also are represented 
in Querétaro (see below). 


Materials and Methods 
Our Taxonomic Position 


In this study we follow the taxonomic position regarding 
the subspecies concept that was described in previous 
works on other portions of Mesoamerica (Johnson et 
al. 2015a,b; Mata-Silva et al. 2015; Teran-Juarez et al. 
2016; Woolrich-Pifia et al. 2016; Nevarez-de los Reyes 
et al. 2016; Cruz-Saenz et al. 2017; Gonzalez-Sanchez 
et al. 2017; Woolrich-Pifia et al. 2017; Lazcano et al. 
2019; Ramirez-Bautista et al. 2020). Johnson et al. 
(2015a) can be consulted for a detailed statement on 
this position. 
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Construction of the Species List 


We made some corrections to the recent species list 
published for the state of Querétaro, as noted by Cruz- 
Elizalde et al. (2019). That list consisted of 138 species, 
including 34 amphibians and 104 reptiles. In the interim, 
however, questions arose regarding the presence of 17 
species in the state, whose status was reevaluated when 
preparing this paper. We discuss the status of these 
species below. 


System for Determining Distributional Status 


We used the system developed by Alvarado-Diaz et al. 
(2013) for the herpetofauna of Michoacan to determine 
the distributional status of members of the herpetofauna 
of Querétaro. Subsequently, various other studies (Mata- 
Silva et al. 2015; Johnson et al. 2015a; Teran-Juarez et al. 
2016; Woolrich-Pifia et al. 2016; Nevarez-de los Reyes et 
al. 2016; Cruz-Sanchez et al. 2017; Gonzalez-Sanchez et 
al. 2017; Woolrich-Pifia et al. 2017; Lazcano et al. 2019; 
Ramirez-Bautista et al. 2020) have used this system, 
which consists of the following four categories: SE = 
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No. 1. Jncilius occidentalis (Camerano, 1879). The Pine 
Toad occurs in the mountains of Durango, Jalisco, Nayarit, 
Aguascalientes, Querétaro, Hidalgo, and Veracruz, southward 
through the highlands west of the Isthmus of Tehuantepec, 
Mexico. This individual was found in Huimilpan, Querétaro. 
Wilson et al. (2013b) determined its EVS as 11, placing it in 
the medium vulnerability category. Its conservation status was 
assessed as Least Concern by the IUCN, but this species is not 
listed by SEMARNAT. Photo by Raciel Cruz-Elizalde. 


No. 3. Eleutherodactylus verrucipes (Cope, 1885). The Big- 
eared Chirping Frog is known from moderate elevations (200- 
1,300 m asl) in pine-oak woodland and cloud forest located 
in southeastern San Luis Potosi, Querétaro, Guanajuato, and 
northwestern Hidalgo, Mexico (Frost 2021). Wilson et al. 
(2013b) determined its EVS as 16, placing it in the middle 
portion of the high vulnerabilty category. Its conservation 
status has been assessed as Vulnerable by the IUCN, and in 
the Special Protection (Pr) category by SEMARNAT. Photo by 
Raciel Cruz-Elizalde. 
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No. 2. Rhinella horribilis (Wiegmann, 1833). The Cane Toad, 
an introduced species, occurs in most regions of Mexico, and 
has a great effect on the native fauna. This individual was 
found in Jacalilla, Querétaro. Wilson et al. (2013a) determined 
its EVS as 3, placing it in the low vulnerability category. Its 
conservation status has been assessed as Least Concern by the 
IUCN, but this species is not listed by SEMARNAT. Photo by 
Raciel Cruz-Elizalde. 


No. 4. Dryophytes arenicolor (Cope, 1866). The Canyon 
Treefrog occurs in the mountains and plateau regions of the 
United States (southern Utah and southern Colorado southward 
through eastern Arizona, western and northern New Mexico, 
as well as in Nevada to about Las Vegas, and the Trans-Pecos 
region of Texas); and southward in Mexico to Michoacan, 
Colima, México, Guerrero, Hidalgo, Querétaro, and Oaxaca. 
This individual was found in Huimilpan, Querétaro. Wilson 
et al. (2013b) determined its EVS as 7, placing it in the low 
vulnerability category. Its conservation status has been assessed 
as Least Concern by the IUCN, but this species is not listed by 
SEMARNAT. Photo by Raciel Cruz-Elizalde. 
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endemic to Querétaro; CE = endemic to Mexico; NE = 
not endemic to Mexico; NN = non-native in Mexico. 


Systems for Determining Conservation Status 


To assess the conservation status of the herpetofauna 
of Querétaro, we employed the three systems (e., 
SEMARNAT, IUCN, and EVS) used by Alvarado-Diaz 
et al. (2013), Mata-Silva et al. (2015), Johnson et al. 
(2015a), Teran-Juarez et al. (2016), Woolrich-Pifia et 
al. (2016), Nevarez-de los Reyes et al. (2016), Cruz- 
Sanchez et al. (2017), Gonzalez-Sanchez et al. (2017), 
Woolrich-Pifia et al. (2017), Lazcano et al. (2019), and 
Ramirez-Bautista et al. (2020). Detailed descriptions of 
these three systems have appeared in earlier papers in 
this series (listed below) and are not repeated here. 


The Mexican Conservation Series 


The Mexican Conservation Series (MCS) was initiated 
in 2013, with a study of the herpetofauna of Michoacan 
(Alvarado-Diaz et al. 2013) that appeared in Amphibian & 
Reptile Conservation, in an issue that included five related 
papers and was designated as the Special Mexico Issue. 
The basic format for entries in the MCS was established 
in that paper, 1.e., an examination of the composition, 
physiographic distribution, and conservation status of the 
herpetofauna of a given Mexican state or group of states. 
Two years later, the MCS resumed with two studies on 
the herpetofauna of Oaxaca (Mata-Silva et al. 2015) and 
Chiapas (Johnson et al. 2015a). The following year three 
entries in the MCS were published on Tamaulipas (Teran- 
Juarez et al. 2016), Nayarit (Woolrich-Pifia et al. 2016), 
and Nuevo Leon (Nevarez-de los Reyes et al. 2016). In 
2017, three more entries in this series were published on 
Jalisco (Cruz-Saenz et al. 2017), the Mexican Yucatan 
Peninsula (Gonzalez-Sanchez et al. 2017), and Puebla 
(Woolrich-Pifia et al. 2017). More recently, entries were 
published on Coahuila (Lazcano et al. 2019), Hidalgo 
(Ramirez-Bautista et al. 2020), and most recently on 
Veracruz (Torres-Hernandez et al. 2021). Thus, this study 
on the herpetofauna of Querétaro is the 13" entry in the 
MCS series. 


Physiography and Climate 
Physiographic Regions 


Sierra Madre Oriental (SMO). This region (Figs. 
2-7) is located parallel to the Gulf coastal region of 
Mexico, and it 1s connected to the Central Plateau and 
the Transmexican Volcanic Belt. The SMO has been 
assigned to the Neotropical Realm and covers 2.84% 
of the area of the country (Morrone 2001; CONABIO 
2008). This province is composed mostly of sedimentary 
and metamorphic rocks from the Cretaceous and Jurassic 
periods, which makes this province a complex area 
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from a geological perspective (CONABIO 2008). The 
SMO encompasses parts of Coahuila, Nuevo Leon, 
Tamaulipas, San Luis Potosi, Hidalgo, Puebla, Querétaro, 
Tlaxcala, and Veracruz (CONABIO 2008). In the state of 
Querétaro, this province extends into the municipalities 
of Pinal de Amoles, Arroyo Seco, Jalpan de Serra, Landa 
de Matamoros, and the region north of Cadereyta de 
Montes and San Joaquin (Figs. 2-3; CONABIO 2008). 
The mean annual precipitation is 731 mm, with a greater 
intensity of rainfall in September, and the mean annual 
temperature is 23.5 °C, with intervals of 10.6—33.5 °C 
(Luna Soria and Suzan Azpiri 2016). The climate is 
classified as semi-warm subhumid, and the predominant 
types of vegetation are tropical deciduous forest, oak 
forest, pine-oak, and portions of cloud forest (Bayona 
Celis 2016). 


Central Plateau (CP). This region (Figs. 8—9) lies within 
the more inclusive Nearctic Region (Morrone 2001; 
CONABIO 2008), extends through the central area of 
Mexico at elevations from 1,700 to 4,000 m asl, and 
is located between the Sierra Madre Occidental and 
Sierra Madre Oriental. Portions of the CP fall within 
the boundaries of Chihuahua, Coahuila, Durango, 
Guanajuato, Hidalgo, Jalisco, Michoacan, Puebla, 
Querétaro, San Luis Potosi, Tlaxcala, and Zacatecas. 
In the state of Querétaro, this province extends into the 
municipalities of Pefiamiller, Toliman, San Joaquin, 
Cadereyta de Montes, Colon, Ezequiel Montes, El 
Marqués, Querétaro, Tequisquiapan, Pedro Escobedo, 
and San Juan del Rio (CONABIO 2008). The climate 
is temperate semi-dry steppe, with rainfall occurring in 
summer; the average annual precipitation is 460 mm; 
the average annual temperature is 17.8 °C; and the 
temperature ranges from 4.5 to 30 °C (Luna Soria and 
Suzan Azpiri 2016). The predominant types of vegetation 
are crasicaule scrub, rosetophilous scrub, microphilous 
desert scrub, and gallery forest, but these regions 
contain extensive areas devoted to agriculture, as well as 
grasslands (Bayona Celis 2016). 


Transmexican Volcanic Belt (TVB). The TVB lies in the 
Neotropical Region (Morrone 2001; CONABIO 2008) 
and forms a volcanic arc located in central Mexico. 
The TVB is oriented from east to west, from the state 
of Veracruz (Gulf of Mexico) to Nayarit (Pacific 
Ocean; Ferrusquia-Villafranca 2007; CONABIO 
2008). In the state of Querétaro, this province 
extends into the municipalities of Amealco de Bonfil, 
Corregidora, and Huimilpan (CONABIO 2008). The 
predominant climate is temperate subhumid, with rain 
occurring in summer, and with its greatest intensity 
from May to October; the mean annual rainfall is 861 
mm, and the mean annual temperature is 14.4 °C, with 
intervals from 3.8 to 24.8 °C (Luna Soria and Suzan 
Azpiri 2016). The predominant vegetation types are 
oak and pine forests (Figs. 5—6), in addition to such 
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Fig. 2. View of the Sierra Madre Oriental at the Mirador Cuatro Fig. 3. Sierra Madre Oriental, in the Sierra Gorda Biosphere 
Palos. Photo by Erick Daniel Velasco Esquivel. Reserve, Jalpan de Serra, Querétaro. Photo by Erick Daniel 
Velasco Esquivel. 


| 
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Fig. 4. Xerophilous scrub in mountains of the Central Plateau, Fig. 5. Pine-oak forest, Toliman, Querétaro. Photo by Erick 
locality of Pefiamiller. Photo by Erick Daniel Velasco Esquivel. 
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Fig. 6. Oak forest, Mirador Cuatro Palos, Querétaro. Photo by Fig. 7. Deciduous forest, Las Adjuntas, Arroyo Seco, Querétaro. 
Erick Daniel Velasco Esquivel. Photo by Erick Daniel Velasco Esquivel. 
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Fig. 8. Juniperus forest, San Juan del Rio—Jalpan de Serra, Pinal Fig. 9. Riparian vegetation, Rio Jalpan, Jalpan de Serra, Queré- 
de Amoles, Querétaro. Photo by Erick Daniel Velasco Esquivel. taro. Photo by Erick Daniel Velasco Esquivel. 
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No. 5. Rheohyla miotympanum (Cope, 1863). The Small- 
eared Treefrog is a country endemic distributed from “Nuevo 
Leon and Coahuila (Sierra Madre Oriental) to Guanajuato 
(Sierra Santa Rosa), Hidalgo, and Oaxaca, adjacent Veracruz, 
and central Chiapas” (Frost 2020). This individual was 
found in Pinal de Amoles, Querétaro. Wilson et al. (2013b) 
determined its EVS as 9, placing it at the upper limit of the low 
vulnerability category. Its conservation status has been judged 
as Near Threatened by the IUCN, but this species has not been 
evaluated by SEMARNAT. Photo by Raciel Cruz-Elizalde. 
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No. 7. Ambystoma velasci (Dugeés, 1888). The Plateau Tiger 
Salamander ranges from northwestern Chihuahua southward 
along the eastern slope of the Sierra Madre Occidental and 
southern Nuevo Leon to Hidalgo in the Sierra Madre Oriental, 
west to Zacatecas, and south into the Transverse Volcanic range 
of central Mexico (Frost 2019). This individual was found in 
Pinal de Amoles, Querétaro. Wilson et al. (2013b) determined 
its EVS as 10, placing it at the lower limit of the medium 
vulnerability category. Its conservation status is considered 
as Least Concern by the IUCN, and it has been placed in the 
Special Protection (Pr) category by SEMARNAT. Photo by 
Raciel Cruz-Elizalde. 
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No. 6. Smilisca baudinii (Dumeéril and Bibron, 1841). Baudin’s 
Treefrog occurs in extreme southern Texas (United States), 
and southern Sonora and southwestern Chihuahua (Mexico) 
southward (including the Balsas Depression of Mexico) in 
the tropical lowlands to Costa Rica on the Pacific slope; Tres 
Marias Islands off the coast of Nayarit, Mexico; and seemingly 
introduced into Bexar and Refugio counties in southeast- 
central Texas, United States (Frost 2021). This individual was 
found in Jacalilla, Querétaro. Wilson et al. (2013a) determined 
its EVS as 3, placing it in the low vulnerability category. Its 
conservation status has been assessed as Least Concern by the 
IUCN, but this species is not listed by SEMARNAT. Photo by 
Raciel Cruz-Elizalde. 


No. 8. Chiropterotriton chondrostega (Taylor, 1941). 
The Gristle-headed Splayfoot Salamander is known from 
Northwestern Hidalgo and adjacent Querétaro, Mexico, in 
cloud forest (at elevations of 1,524—2,042 m asl); and has 
also been reported in the state of México (Frost 2021). This 
individual was found in Pinal de Amoles, Querétaro. Wilson 
et al. (2013b) determined its EVS as 17, placing it in middle 
portion of the high vulnerability category. Its conservation 
status is considered as Endangered by the IUCN, and it is in 
the Special Protection (Pr) category by SEMARNAT. Photo by 
Raciel Cruz-Elizalde. 
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Table 1. Monthly minimum, mean (in parentheses), maximum, and annual temperature data (in °C) for the physiographic regions 
of Querétaro, Mexico. The localities (and elevation) representing each of the regions are: Central Plateau—Toliman (1,510 m); 
Transmexican Volcanic Belt—San Juan del Rio (1,920 m); Sierra Madre Oriental—Jalpan (750 m). Data were taken from Anuario 


Estadistico y Geogrdafico de a (INEGI 2017). 


Physiographic region 


10.2 | 145 | 147 
Central Plateau a 5 ke e (19.5) | (21.9) | (23.2) 
15.4 | 216 | 229 | 24.7 | 25.6 


Transmexican Volcanic eae 13.6 
Belt Ag 5 ee 5 he zy (19.5) | (20.5) 
16.3 17.4 19.8 22.6 22.9 
10.3 15.4 17.6 19.1 17.8 
Sierra Madre Oriental (17.9) | (19.7) | (23.4) | (26.1) | (27.6) 
20.3 20.5 25.7 26.3 31.3 


transformed environments as introduced grasslands 
and agricultural areas (Bayona Celis 2016). 


Climate 


Temperature. Information on the monthly minimum, 
mean, and maximum temperatures are given in Table 
1 for one locality in each of the three physiographic 
regions we recognize in Querétaro. The elevations for 
these localities range from 750 m in the Sierra Madre 
Oriental (SMO) at Jalpan, to 1,920 m in the Transmexican 
Volcanic Belt (TVB) at San Juan del Rio. 

The mean annual temperature (MAT) for Jalpan 
(elevation 750 m asl) in the SMO is 23.3 °C, while the 
MAT for Toliman in the Central Plateau (CP) 1s 19.6 °C, 
and the MAT for San Juan del Rio in the TVB is 17.3 °C. 
The minimum annual temperatures range from 11.7 °C 
in the CP to 17.6 °C in the SMO, the maximum annual 
temperatures range from 19.6 °C in the TVB to 25.1 °C 
in the SMO, and in the three physiographic regions, the 
minimum annual temperatures are 7.5—10.2 °C lower 
than the maximum annual temperatures (Table 1). The 
mean monthly temperatures peak in May or June (most 
often in May), and reach their lowest point in January. 


Precipitation. The monthly precipitation is lowest during 
the dry season from November to April, and highest during 
the rainy season from May to October which includes 


(23.2) 
264 | 262 | 256 | 235 | 193 | 174 | 178 22.2 


(20.1) 
226 | 226 | 209 | 199 | 189 | 160 | 158 19.6 


wor [owe [oy [oe [ot [sae [oe [om [nr [ne [on 


144 | 153 | 155 | 146 | 101 8.5 12.0 
(22.3) | (21.6) | (21.0) | (18.8) tee (15.2) | (19.6) 


143 | 136 | 13.1 | 13.7 | 11.8 ] 11.0 | 102 11.7 
(18.9) | (18.8) | (18.2) | (6.7) | 5.4) | 4.0) | 7.3) 


20.0 | 209 | 204 | 209 | 185 | 143 | 15.4 17.6 
(26.9) 
30.2 | 294 | 291 | 269 | 242 | 192 | 181 25.1 


(25.4) | (25.6) | (24.6) | (22.9) | (20.4) | 18.9) | (23.3) 


76.0—87.5% (x = 83.5) of the annual precipitation (Table 
2). The annual rainfall ranges from 291.3 mm in the CP 
to 662.8 mm in the SMO, noting that the latter value is 
2.3 times greater than the former (Table 2). 


Comments on the Species List 


As noted above, we revaluated the status of 17 species 
after Cruz-Elizalde et al. (2019) placed them on the 
state list. These 17 species were allocated to the three 
categories of (1) species currently documented as 
occurring 1n Querétaro; (2) species that likely occur in 
Querétaro but remain undocumented in the state; and (3) 
species that, insofar as we are aware, are not known to 
occur in Queretaro. 

Eight species whose status was previously in doubt 
are now documented as occurring in Querétaro. The 
presence of these species in the state, and the literature 
that documents their presence, is as follows: (1) 
Eleutherodactylus nitidus (recorded by Nieto-Montes de 
Oca and Pérez-Ramos [1999]; Informe de CONABIO, 
locality Mesa de Leon, el Arbolito, near Hidalgo, in 
project H250-CONABIO); (2) Gerrhonotus infernalis 
(appears in the H250 report, for which collecting 
coordinates are provided); (3) Hemidactylus turcicus 
(reported by Tepos-Ramirez et al. [2019]); (4) Scincella 
lateralis (reported in the H250 report, based on a 
collected specimen); (5) Scincella silvicola (reported 


Table 2. Monthly and annual precipitation data (in mm) for the physiographic regions of Querétaro, Mexico. The localities (and 
elevation) representing each of the regions are: Central Plateau—Toliman (1,510 m); Transmexican Volcanic Belt—San Juan del 
Rio (1,920 m); Sierra Madre Oriental—Jalpan (750 m). Data taken from Anuario Estadistico y Geografico de Querétaro (INEGI 
2017). The shaded area indicates the months of the rainy season. 


— 


(9.1) | (3.4) | (7.2) | 2.2) | @5.4) | 67.4) 
260 | 120 | 31.0 | 410 | 875 | 890 


Central Plateau (57.1) (51.2) (59.6) 
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1105 | 201 19.0 


(334.9) 
663.5 
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poke 
(542.9) 
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Transmexican 
Volcanic Belt 


(6.4) 
166.1 52.1 49.8 9.3 


13 2.5 0.0 0.0 5.0 21.6 75.8 78.7 59.1 80.3 0.0 8.4 
(8.0) | (10.8) | (0.4) | (27.9) | (45.0) | (23.5) | (155.0) | (149.6) | (195.2) | (94.5) | (25.4) | (15.5) 
13.0 | 146 | 13.0 | 321 | 474 | 1464 | 4355 | 1725 | 6450 | 1588 | 37.0 | 249 


447.6 
(872.2) 
1,503.4 


Sierra Madre 
Oriental 
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Table 3. Composition of the native and non-native ene of Querétaro, Mexico. 


p Order | Families | Genera | Species 
a EC (NL 
po Caudata | 
| Subtotal EA 


Subtotal 


in the H250 report, based on a collected specimen); (6) 
Epictia wynni (reported in Querétaro by Wallach [2016]); 
(7) Rena dulcis (reported in Querétaro, see The Reptile 
Database, http://www.reptile-database.org/; accessed 22 
August 2019); and (8) Crotalus polystictus (reported in 
Querétaro by Cruz-Pérez et al. [2014]). Thus, these eight 
Species are included in the following analyses. 

Four species which have not been formally 
documented from Querétaro thus far, but are expected to 
be documented for the state eventually, are: (1) Coluber 
constrictor (recorded in Querétaro by the IUCN, but 
with no locality provided); (2) Conopsis biserialis (not 
confirmed for the state, but with a high probability of 
occurrence, according to the IUCN and Goyenechea 
and Flores-Villela [2006]); (3) Ficimia streckeri (a high 
probability of occurrence in the state, based on a record 
found 3 km from the state line by Lara-Tufifio et al. 
[2013]); and (4) Masticophis taeniatus (reported in the 
H250 project as having a high probability of occurrence, 
but without confirmation). Given the ambiguity of their 
actual occurrence in the state at this point, we do not 
consider these four species in the subsequent analyses. 

Five species reported previously by Cruz-Elizalde 
et al. (2019) are not currently believed to occur in 
Querétaro, so they are not included in the analyses in this 
paper. These species are: (1) Gerrhonotus liocephalus 
(According to Good [1994], this species does not occur 
in central Mexico, but reports might be based on a 
misidentified G. infernalis, also, it is not listed by the 
IUCN or in the H250 project as reported in Nieto-Montes 
de Oca and Pérez-Ramos [1999]); (2) Lepidophyma 
flavimaculatum (recorded in the H250 project, but this 
requires confirmation; its distribution appears to lie 
farther south in the states of Veracruz and Oaxaca); (3) 
Leptodeira maculata (not present in Querétaro based on 
its known distribution, and not listed by the IUCN or the 
H250 report); (4) Thamnophis marcianus (not present in 
Querétaro, neither recorded by Rossman et al. (1996) nor 
listed in the state by the IUCN; although it appears in the 
H250 report, no locality information or references were 
provided); and (5) Crotalus ravus (not known to occur in 
Querétaro; its distribution lies farther to the south; this 
taxon was not reported for the state by Campbell and 
Lamar [2004]). We do not consider these five species in 
the subsequent analyses in this paper. 
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Composition of the Herpetofauna 
Families 


The herpetofaunal species known to occur in Querétaro 
are in 29 families, and include seven families of anurans, 
two families of salamanders, 19 families of squamates, 
and one family of turtles (Table 3). This total represents 
47.5% of the 61 herpetofaunal families known to occur 
in Mexico (Wilson et al. 2013a,b). No caecilian or 
crocodylian families are represented in the state. Of the 
nine amphibian families known to occur in the state, 
58.8% of the species (Tables 4—5) are classified in the 
Bufonidae (six), Hylidae (eight), and Plethodontidae 
(six). Among the 20 remaining herpetofaunal families, 67 
(70.5%) of the 95 species are categorized in the families 
Phrynosomatidae (12), Colubridae (22), Dipsadidae (15), 
Natricidae (eight), and Viperidae (10; see Table 5). 


Genera 


Seventy-seven herpetofaunal genera are known to occur 
in Querétaro, which includes 15 genera of anurans, four 
genera of salamanders, 57 genera of squamates, and one 
genus of turtles (Table 3). These 77 taxa comprise 35.8% 
of the 212 genera known to occur in Mexico (J. Johnson, 
unpub. data, 24 December 2020). Among the amphibians 
(Table 4), the largest numbers of species are in the genera 
Eleutherodactylus (four) and Lithobates (four); among 
the reptiles (Table 4), the most speciose genera are 
Sceloporus (11), Thamnophis (six), and Crotalus (seven). 


Species 


The herpetofauna of Querétaro is comprised of 129 
species, including 27 anurans, seven salamanders, 92 
squamates, and three turtles (Table 3). The current 
numbers of native species in these four groups in Mexico 
are, respectively, 253, 155, 896, and 51 (J. Johnson, 
unpub. data, 24 December 2020). The 129 herpetofaunal 
Species in Querétaro represent 9.5% of the 1,361 species 
in all of Mexico (J. Johnson, unpub. data, 29 May 2021). 
Thus far, one state sharing a common border with 
Querétaro has been assessed in the Mexican Conservation 
Series—the state of Hidalgo (Ramirez-Bautista et al. 
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Table 4. Distribution of the amphibians, squamates, and turtles of Querétaro, Mexico, by physiographic region. Abbreviations are 
as follows: CP = Central Plateau, TVB = Transmexican Volcanic Belt, SMO = Sierra Madre Oriental. See text for descriptions of 
these regions. * = species endemic to Mexico, ** = non-native species. 


Physiographic regions of Querétaro Number of 
Taxon CP TVB SMO regions occupied 
Anura (27 species) 


Bufonidae (6 species) 
* 


Craugastoridae (2 species) 
Craugastor augusti 

Craugastor decoratus* 
Eleutherodactylidae (4 species) 


Eleutherodactylus nitidus* 


Hylidae (8 species) 


Scinax staufferi 

Smilisca baudinii 
Tlalocohyla godmani* 
Tlalocohyla picta 
Trachycephalus vermiculatus 
Microhylidae (1 species) 


Ranidae (4 species) 


Zzumae* 


Scaphiopodidae (2 species) 
Scaphiopus couchii 

Spea multiplicata 

Caudata (7 species) 
Ambystomatidae (1 species) 


Plethodontidae (6 species) 


Chiropterotriton chondrostega* 

Chiropterotriton magnipes* 

Chiropterotriton multidentatus* 
* 

Squamata (92 species) 

Anguidae (4 species) 


Gerrhonotus infernalis 


—————————— 
|Anura(27speciesy) | 
|Bufonidae(6speciesy | 
|Anaxyruspunctatus | 
|Anaxyrusspeciosus | 
Inciliusnebulifer | 
|Craugastoridae(2 species) | 
[Craugastoraugusti | 
|Craugastordecoratus* | 
|Eleutherodactylidae(4 species) | 
[Eleutherodactylus guttilatus | 
[Eleutherodactyluslongipes* | 
Eleutherodactylus nitidus® | 
Eleutherodactylusverrucipes* | 
|Hylidae(Sspeciesy | 
[Rheohyla miotympanum® | 
[Scinax stanfferi | 
[Smiliscabaudinti | 
[Malocohylagodmani® | 
Malocohylapicta | 
[Trachycephalusvermiculatus | 
|Microhylidae(I species) | 
|Hypopachusvariolosus | 
[Ranidae(4speciesy | 
|Scaphiopodidae(2 species) | 
[Scaphiopuscouchii | 
[Speamultiplicata | 
|Caudata(7 species) | 
|Ambystomatidae(1 species) | 
|Plethodontidae (6 species) | 
|Aquiloeuryceacephalica® | 
|Aquiloeuryceascandens®* | 
|Chiropterotriton chondrostega* | FT 
|Chiropterotritonmagnipes* | 
|Chiropterotriton multidentatus* | 
Usthmura bellii*® 
[Squamata(92 species) | 
|Anguidae(4 species) | 
|Abroniataeniata*® | 
[Barisiaciliaris® 
|Gerrhonotus infernalis | 
|Gerrhonotus ophiurus® | 


Gerrhonotus ophiurus* 
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Table 4 (continued). Distribution of the amphibians, squamates, and turtles of Querétaro, Mexico, by physiographic region. 
Abbreviations are as follows: CP = Central Plateau, TVB = Transmexican Volcanic Belt, SMO = Sierra Madre Oriental. See text for 
descriptions of these regions. * = species endemic to Mexico, ** = non-native species. 


Physiographic regions of Querétaro Number of 
oe SS so ee 


|Corytophanidae(2 species) | 
|Corytophaneshernandesii | | 
LLaemanctus serratus 
|Dactyloidae(I species) | 
|Noropssericeus 
|Dibamidae(I species) | 
Anelytropsis papillosus* 
|Gekkonidae(Ispecies) | 
|Hemidactylusfrenaus** 
Phrynosomatidae (12 species) ff 
a a a eS a 
Lae —— oi ef 
[Sceloporus grammicus 8 
[Sceloporusminor® 
[Sceloporusparvus*® TE 
[Sceloporusscalaris* 
[Sceloporusserrifer 
|Sceloporus spinosus* 
[Sceloporus torquatus*® TT 
[Sceloporusvariabilis | 
[Scincidae(2speciesy | 
|Plestiodoniynxe* | 
| Plestiodon tetragrammus TL 
|Sphenomorphidae(3species) | | 
[Scincellagemmingeri* 
[Seincellalateralis 
[Scincellasilvicola® 
[Teiidae(2species) 
|Holcosus amphigrammus® TT 
[Xantusiidae(3 species) | 
Lepidophymagaigeae* ET 
Lepidophymaoceulor® 
[Lepidophyma sylvaticum® TL 
|Xenosauridae(I species) | 
|Xenosaurusmendozai* TT 
|Boidae(Ispecies) 
|Boaimperator 
|Colubridae(22 species) | 
Comopsislinewa® ff 
a 
|Drymobius margaritiferus | 
|Ficimiaolivacea* 
|Gyalopioncanum 
|Lampropeltispolyzona* 
LLampropeltisruthveni® 
LLeptophismexicanus TE 
|Masticophis mentovarius EH 


| 


ut 1 


mh 
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Table 4 (continued). Distribution of the amphibians, squamates, and turtles of Querétaro, Mexico, by physiographic region. 
Abbreviations are as follows: CP = Central Plateau, TVB = Transmexican Volcanic Belt, SMO = Sierra Madre Oriental. See text for 
descriptions of these regions. * = species endemic to Mexico, ** = non-native species. 


Number of 
regions _ 


$= [——=—=|=—= 5=— 

| a 
Orybelis porostensis ff 
Eee (S(T [A a a 
Salvadorabairdi* 
[Salvadoragrahamiae TE 
———————— = SSS SS SS 
[Rosita bocou® [rt 
Tantillarubra, 
|Trimorphodontau*® 
|Dipsadidae(15speciesy) | 
|Amastridiumsapperi_ 
|Chersodromus rubriventris* 
|Coniophanesfissidens 
|Coniophanespiceivitis TL 
|Conophislineaus 
Diadophis punctatus | PP 
|Geophis mutitorgues* 
|Hypsiglenajani 8 
Imantodes gemmistratus TL 
Leptodeira septentrionalis, | 
\Niniadiademata 
|Rhadinaeagaigeae* TT 
[Tropidodipsas sartorti_ 
|Elapidae(Ispeciesy) 
|Micrurustener 
|Leptotyphlopidae(2species) | 
JEpictiawynni® 
[Renadulcis 
|Natricidae(8 species) | 
PStoreria hidalgoensis® Ff 
an |e |e [es 
Thamnophiseques |||. f + fF 
anno pins? [Jp 
Da Ei a =| 
[Typhlopidae(I species) | 
[Virgotyphlops braminus®® | 
|Viperidae(10 species) | 
|Agkistrodontaylori® TE 
|Bothropsasper 
[Crotalus aquilus® 8 
[Crotalusatrox, 
|Crotalusmolossus 
[Crotalus polystictus® 


ut 


i 


+]+]4+]+ 


| 


MM 1 


— 


Nb 


| 


— 


mn 


— 
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Table 4 (continued). Distribution of the amphibians, squamates, and turtles of Querétaro, Mexico, by physiographic region. 
Abbreviations are as follows: CP = Central Plateau, TVB = Transmexican Volcanic Belt, SMO = Sierra Madre Oriental. See text for 
descriptions of these regions. * = species endemic to Mexico, ** = non-native species. 


— regions of Querétaro 
regions occupied 


SMO 
ar 
[Crotalus totonacus® 
[Crotalus triseriatus* 


Number of 


|Metlapilcoatlus borealis* | 
|Kinosternidae(3 species) | 
[Kinosternonhirtipes 
[Kinosternon scorpioides TE 
Total ws to 


2020). The herpetofauna of Hidalgo consists of 203 
species, which is about 1.6 times the number of species in 
Querétaro (129). This proportion is similar to the relative 
areas of the two states. The surface area of Hidalgo is 
20,813 km? (Ramirez-Bautista et al. 2020) and that of 
Querétaro, as noted above, is 11,699 km; therefore, 
Hidalgo is 1.8 times the size of Querétaro. Thus, the 
state area/species richness ratio is 90.7 for Querétaro 
compared to 102.5 for Hidalgo. 


Patterns of Physiographic Distribution 


A system of three physiographic regions (Fig. 1) was used 
to analyze the distribution patterns of the amphibians and 
reptiles of Querétaro, and the physiographic distribution 
data for the 129 species are tabulated in Table 4 and 
summarized in Table 5 

The total number of species in each region ranges 
from 43 in the Transmexican Volcanic Belt (TVB) to 
102 species in the Sierra Madre Oriental (SMO). The 
value for the remaining area (Central Plateau) is 64. The 
low value of 43 for TVB in Querétaro is 42.2% of the 
high value of 102 for SMO in Querétaro. The reason 
for this disparity is that the TVB is the smallest of the 
three regions in the state, and although it is a significant 
montane region in Mexico, it contains less herpetofaunal 
diversity than the SMO (Canseco-Marquez et al. 2004; 
Flores-Villela et al. 2010), 1.e., 139 vs. 207, respectively. 

Four herpetofaunal groups (anurans, salamanders, 
squamates, and turtles) are known to occur in Queretaro, 
while caecilians and crocodylians have not been recorded 
in the state and are not likely to be found in the future. 
In three of these groups (anurans, salamanders, and 
squamates), the largest number of species occurs in the 
SMO; while all three species of turtles are found in the 
TVB (Table 5). Twenty-five of the 27 anuran species 
(92.6%), all seven of the salamander species (100%), and 
69 of the 92 squamates (75.0%) occur in the SMO. 

The members of the Querétaro herpetofauna are 
distributed in either one, two, or three physiographic 
regions as follows: one region (77 of 129 species, 59.7%); 
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two regions (24, 18.6%); and three regions (28, 21.7%). 
The mean regional occupancy is 1.6, which lies outside 
the range of 1.9 to 3.7 for the other states examined thus 
far in the MCS (Alvarado-Diaz et al. 2013; Mata-Silva et 
al. 2015; Johnson et al. 2015a; Teran-Juarez et al. 2016; 
Woolrich-Pifia et al. 2016; Nevarez-de los Reyes et al. 
2016; Cruz-Saenz et al. 2017; Gonzalez-Sanchez et al. 
2017; Lazcano et al. 2019; Ramirez-Bautista et al. 2020). 
Of the 129 species found in Querétaro, a large proportion 
(101, or 78.3%) occurs in one or two of the three 
physiographic regions, which is significant from a 
conservation perspective (see below). The number of 
species inhabiting a single physiographic region ranges 
from eight (in the TVB) to 54 (in the SMO). 


The 54 single-region species in the SMO are as follows, 
with the numbers referring to the distributional categories 
developed by Wilson et al. (2017), country endemics 
indicated by single asterisks, and non-native species by 
double asterisks: 


Anaxyrus speciosus 3 

Incilius nebulifer 3 

Craugastor decoratus* 
Eleutherodactylus longipes* 
Eleutherodactylus nitidus* 
Scinax staufferi 4 

Smilisca baudinii 7 
Tlalocohyla godmani* 
Tlalocohyla picta 4 
Trachycephalus vermiculatus 6 
Hypopachus variolosus 7 
Scaphiopus couchii 3 
Aquiloeurycea scandens * 
Chiropterotriton magnipes* 
Chiropterotriton multidentatus* 
Isthmura bellii* 

Abronia taeniata* 
Corytophanes hernandezii 4 
Laemanctus serratus 4 

Norops sericeus 4 
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No. 9. Norops sericeus Hallowell, 1856. The Silky Anole 
occurs in the states of Tamaulipas, Hidalgo, San Luis Potosi, 
Veracruz, Tabasco, Campeche, Quintana Roo, northern Oaxaca, 
Quéretaro, and Puebla. This individual was found in the 
municipality of Pisaflores, Hidalgo, near the state of Querétaro. 
Wilson et al. (2013a) determined its EVS as 8, placing it in 
the low vulnerability category. Its conservation status has been 
assessed as Least Concern by the IUCN, but this species is not 
listed by SEMARNAT. Photo by Daniel Lara Tufifio. 


eet : : ies aa 
we 8 Se aye 


No. 10. Phrynosoma orbiculare (Linnaeus, 1758). The 
Mountain Horned Lizard is known from the states of 
Chihuahua, Aguascalientes, Hidalgo, Querétaro, San Luis 
Potosi, Michoacan, Ciudad de México, Estado de México, 
Jalisco, Morelos, Tlaxcala, and Guanajuato (Ramirez-Bautista 
et al. 2014). This individual was located in the city of Querétaro, 
Querétaro. Wilson et al. (2013a) determined its EVS as 12, 
placing it in the upper portion of the medium vulnerability 
category. Its conservation status has been considered as Least 
Concern by the IUCN, and as Threatened (A) by SEMARNAT. 
Photo by Raciel Cruz-Elizalde. 


No. 11. Sceloporus grammicus Wiegmann, 1828. The Mesquite 
Lizard occurs in the states of Chihuahua, Durango, Zacatecas, 
Coahuila, San Luis Potosi, Nuevo Leon, Tamaulipas, Oaxaca, 
Guerrero, Quéretaro, Hidalgo, Aguascalientes, and Nayarit. 
This individual was found in Huimilpan, Querétaro. Wilson 
et al. (2013a) determined its EVS as 9, placing it in the low 
vulnerability category. Its conservation status has been assessed 
as Least Concern by the IUCN, and it has been placed in the 
Special Protection (Pr) category by SEMARNAT. Photo by 
Raciel Cruz-Elizalde. 
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No. 12. Plestiodon lynxe (Wiegmann, 1834). The Oak Forest 
Skink occurs in central and western Mexico, in the states of 
Hidalgo, Veracruz, San Luis Potosi, Tamaulipas, Puebla, 
Aguascalientes, Querétaro, Guanajuato, Jalisco, and Nayarit. 
This individual was found in Pinal de Amoles, Querétaro. 
Wilson et al. (2013a) determined its EVS as 10, placing it in the 
medium vulnerability category. Its conservation status has been 
assessed as Least Concern by the IUCN, and it has been placed 
in the Special Protection (Pr) category by SEMARNAT. Photo 
by Raciel Cruz-Elizalde. 
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Table 5. Summary of the distributional occurrence of herpetofaunal families in Querétaro, Mexico, by physiographic province. See 


Table 4 for explanation of abbreviations. 
amber ot Distributional occurrence 
species 


CP TVB S 
Bufonidae 
Craugastoridae 
Eleutherodactylidae 
Hylidae 
Microhylidae 
Ranidae 
Scaphiopodidae 
Subtotal 
Ambystomatidae 
Plethodontidae 
Subtotal 
Total 
Anguidae 
Corytophanidae 
Dactyloidae 
Dibamidae 
Gekkonidae 
Phrynosomatidae 
Scincidae 
Sphenomorphidae 
Tetidae 
Xantusiidae 
Xenosauridae 
Subtotal 
Boidae 
Colubridae 
Dipsadidae 
Elapidae 
Leptotyphlopidae 
Natricidae 
Typhlopidae 
Viperidae 
Subtotal 
Kinosternidae 
Subtotal 
Total 
Sum total 


Anelytropsis papillosus* Lampropeltis polyzona* 
Hemidactylus frenatus** Leptophis mexicanus 4 
Sceloporus serrifer 4 Mastigodryas melanolomus 4 
Plestiodon tetragrammus 3 Oxybelis potosiensis 8 
Scincella gemmingeri* Spilotes pullatus 6 

Scincella lateralis 3 Adelpicos quadrivirgatum 4 
Scincella silvicola* Amastridium sapperi 4 
Lepidophyma occulor* Chersodromus rubriventris* 
Lepidophyma sylvaticum* Coniophanes fissidens 6 
Xenosaurus mendozai* Coniophanes piceivittis 4 
Boa imperator 6 Geophis latifrontalis* 
Drymobius margaritiferus 8 Imantodes gemmistratus 6 
Ficimia olivacea* Ninia diademata 4 
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No. 13. Scincella gemmingeri (Cope, 1864). Cope’s Forest 
Ground Skink occurs in southeastern Mexico, in Chiapas, 
eastern Hidalgo, central and southern Veracruz, Querétaro, 
Oaxaca, southward to Tehuantepec, and on the slopes of the 
plateau and in lowland areas of Tabasco and Puebla. This 
individual was found in Pinal de Amoles, Querétaro. Wilson 
et al. (2013a) determined its EVS as 11, placing it in the 
medium vulnerability category. Its conservation status has been 
regarded as Least Concern by the IUCN, and it has been placed 
in the Special Protection (Pr) category by SEMARNAT. Photo 
by Raciel Cruz-Elizalde. 


No. 14. Xenosaurus mendozai Nieto-Montes de Oca, Garcia- 
Vazquez, Zufiga-Vega, and Schmidt-Ballardo, 2013. The 
Granular-Scaled Lizard occurs in the states of Querétaro, from 
where it was first described, and Hidalgo. This individual was 
found in the municipality of Jacala de Ledezma, Hidalgo, 
near the state of Querétaro. In this study, and according to 
Wilson et al. (2013a), we determined its EVS as 16, placing 
it in the high vulnerability category. According to IUCN, its 
conservation status is unknown, and this species is not listed by 
SEMARNAT. Photo by Christian Berriozabal-Islas. 


No. 15. Conopsis lineata (Kennicott, 1859). The Lined 
Tolucan Ground Snake occurs in the central Mexican states of 
Guanajuato, Guerrero, Jalisco, Estado de México, Michoacan, 
Morelos, Oaxaca, Puebla, Querétaro, Hidalgo, San Luis Potosi, 
Tlaxcala, Veracruz, and Ciudad de México (Ramirez-Bautista et 
al. 2014). This individual was found near the city of Querétaro. 
Wilson et al. (2013a) determined its EVS as 13, placing it 
at the upper limit of the medium vulnerability category. Its 
conservation status has been assessed as Least Concern by the 
IUCN, but this species is not listed by SEMARNAT. Photo by 
Raciel Cruz-Elizalde. 
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No. 16. Amastridium sapperi (Werner, 1903). The Rusty- 
headed Snake occurs in the states of Chiapas, Oaxaca, Hidalgo, 
and Querétaro. This individual was found in La Cueva, 
Pisaflores, Hidalgo, near the state of Querétaro. Wilson et al. 
(2013a) determined its EVS as 10, placing it in the medium 
vulnerability category. Its conservation status has been assessed 
as Least Concern by the IUCN, but this species is not listed by 
SEMARNAT. Photo by Daniel Lara Tufifio. 
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Tropidodipsas sartorti 4 
Storeria hidalgoensis* 
Storeria storerioides* 
Thamnophis sumichrasti* 
Agkistrodon taylori* 
Bothrops asper 6 
Crotalus totonacus* 
Metlapilcoatlus borealis* 


Twenty-five of these 54 species (46.3%) are country 
endemics and 28 of the remaining 29 are non-endemics, 
apart from the single non-native Hemidactylus frenatus. 
The distribution ranges of the 28 non-endemic species 
are thus: five range to the north, including the United 
States; 13 range farther south into Central America; six 
range through Central America and into South America; 
two range from the United States to Central America; and 
two occur from the United States to South America. 


The 15 single-region species in the CP are as follows, using 
the same asterisk and numbering identifiers as above: 


Anaxyrus punctatus 3 
Eleutherodactylus guttilatus 3 
Sceloporus exsul* 
Gyalopion canum 3 
Masticophis mentovarius 6 
Pseudoelaphe flavirufa 4 
Epictia wynni* 
Thamnophis pulchrilatus* 
Thamnophis scalaris* 
Virgotyphlops braminus*** 
Crotalus atrox 3 

Crotalus molossus 3 
Crotalus polystictus* 
Crotalus scutulatus 3 
Crotalus triseriatus* 


Six of these 15 species (40.0%) are country endemics 
and the remaining nine are non-endemics, except for 
the non-native Virgotyphlops braminus. Six of the eight 
non-native species also range to the north, including 
the United States, while one ranges farther south into 
Central America, and another one ranges through Central 
America and into South America. 


The eight single-region species in the TVB are as follows, 
using the same asterisk and numbering identifiers as 
above: 


Gerrhonotus infernalis 3 
Lampropeltis ruthveni* 
Salvadora grahamiae 3 
Tantilla bocourti* 
Leptodeira septentrionalis 8 
Thamnophis melanogaster* 
Kinosternon hirtipes 3 
Kinosternon scorpioides 6 


Three of these eight species (37.5%) are country endemics 
and the remaining five are non-endemics. Three of these 
five species also range to the north, including the United 
States, one species ranges through Central America and 
into South America, and one species occurs from the 
United States to South America. 

In summary, of the 77 single-region species found in 
Querétaro, 34 (44.2%) are country endemics, 41 (53.2%) 
are non-endemics, and two are non-natives (2.6%). Of 
the three physiographic regions in the state, the SMO 
is of greatest conservation significance, inasmuch as it 
encompasses the largest overall number of species (102), 
the largest number of single-region species (54), and the 
largest number of country endemics (25). 


A Coefficient of Biogeographic Resemblance (CBR) 
matrix was assembled for examining the herpetofaunal 
similarity relationships of the three physiographic regions 
in Querétaro (Table 6). The SMO contains the most 
species richness (102 species) and the TVB the least (43 
species). The mean species richness value for all three 
regions is 69.7. The number of shared species between 
each of the regional pairs ranges from 31 between the 
TVB and SMO regions to 45 between the Central Plateau 
and the SMO. The mean value of shared species among 
all three regions is 36.0. 

The CBR values in Table 6 range from 0.43 to 0.59. 
The lowest value is that between the Sierra Madre Oriental 
and the Transmexican Volcanic Belt. These two regions 
lie at opposite extremes in the state (Fig. 1). The highest 
value is that between the Transmexican Volcanic Belt 
and the Central Plateau, which are contiguous regions 


Table 6. Pair-wise comparison matrix of Coefficient of Biogeographic Resemblance (CBR) data of the herpetofaunal relationships 
for the three physiographic regions in Querétaro, Mexico. Underlined values = number of species in each region; upper triangular 
matrix values = species in common between two regions; and lower triangular matrix values = CBR values. The formula for this 
algorithm is CBR = 2C/N, + N, (Duellman 1990), where C is the number of species in common to both regions, N, is the number of 
species in the first region, and N, is the number of species in the second region. See Fig. 10 for the UPGMA dendrogram produced 


from the CBR data. 
Central Plateau 
Central Plateau 64 
Transmexican Volcanic Belt 0.60 
Sierra Madre Oriental 0.54 
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Transmexican Volcanic Belt 


Sierra Madre Oriental 


32 45 
43 31 
0.43 102 
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Fig. 10. UPGMA-generated dendrogram illustrating the simi- x 
larity relationships of species richness among the herpetofaunal E y 
components in the three physiographic regions of Querétaro = F 
(based on the data in Table 7; Sokal and Michener 1958). Simi- zs oe 
larity values were calculated using Duellman’s (1990) Coef- 5 
ficient of Biogeographic Resemblance (CBR). 
located in the south-central part of the state. The overall eg 
CBR values among the three physiographic regions are 5 E a A 8 
as follows, arranged from the highest to the lowest value O § 


(with species numbers in parentheses): 


Transmexican Volcanic Belt (43) — 0.59 — Central Plateau (65) 
Sierra Madre Oriental (102) — 0.54 — Central Plateau (65) 


ala un uw 
Based on the data in Table 6, a UPGMA dendrogram HS pales Ao 
(Fig. 10) was developed to illustrate the herpetofaunal pe 
resemblance patterns among the three physiographic 
regions of Querétaro (Fig. 1). The diagram demonstrates r 
that two regions in Querétaro, the CP and the TVB, share 5 s ee ee 
the higher herpetofaunal resemblance (0.60 level). Both Z. 3 


of these regions are largely montane and broadly contact 
one another in the southern portion of the state. These 


g 
& 
two regions are more distinguished (0.43 level) from the S 2 
Sierra Madre Oriental (SMO). 5 E E Sk 
As indicated in the Introduction, we consider it useful S 5 
to compare the herpetofaunal representation of the two x 
physiographic regions in Querétaro with those of the = 
same two regions represented in Puebla (Woolrich-Pifia es x) 
et al. 2017) and Hidalgo (Ramirez-Bautista et al. 2020). BE] | m a 
We placed the comparative data in Table 7. Most of the A E 


species in the two physiographic regions we examined 
are either Mexican endemic or non-endemic species, 


; ; ; ' > Z 
while few state endemics and non-native species occur f= 
: . : : = & te & 
in either region. As expected, the number of species ay pS 
in the two regions examined increases along with the U5 


size of the herpetofauna in each of the three states, L.e., 
from Querétaro (129 species) to Hidalgo (202 species) 
to Puebla (267 species). In each of the three states the 
number of country endemics is greater than the number 
of non-endemics. The proportions of country endemics 


Table 7. Species comparison of three distributional categories recorded in the two physiographic regions common to the three states of Querétaro, Hidalgo, and Puebla in Mexico. 
Querétaro 
Hidalgo 
Puebla 
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compared to the regional totals for the Sierra Madre 
Oriental in each of the three states are similar (55.9%, 
52.7%, and 55.1% for Querétaro, Hidalgo, and Puebla, 
respectively). Likewise, each of the proportions for the 
Transmexican Volcanic Belt are reasonably similar to 
one another (53.5%, 69.4%, and 61.6%, respectively). 
The proportions of the non-endemics compared to 
the regional totals for the Sierra Madre Oriental in the 
same three states also are similar to one another (43.4%, 
44 8%, and 42.7%, respectively), whereas those for the 
Transmexican Volcanic Belt are less consistent (46.5%, 
23.5%, and 36.8%, respectively). 


Distribution Status Categorizations 


In discussing the distribution status of the members of the 
Querétaro herpetofauna, we used the system developed by 
Alvarado-Diaz et al. (2013) which was used in all the other 
entries of the Mexican Conservation Series (see above). 
The categories in this system are non-endemic, country 
endemic, state endemic (only Sce/oporus exsul), and non- 
native. The categorizations for each species are listed in 
Table 8 and these data are summarized in Table 9. 

The numbers of species in each of the three applicable 
categories, in decreasing order, are: country endemics, 
67 (51.5%); non-endemics, 60 (46.2%); and non-natives, 
3 (2.3%). As with the states of Michoacan (Alvarado- 
Diaz et al. 2013), Nayarit (Woolrich-Pifia et al. 2016), 
Jalisco (Cruz-Saenz et al. 2017), Puebla (Woolrich-Pifia 
et al. 2017), and Hidalgo (Ramirez-Bautista et al. 2020), 
the largest number of herpetofaunal species in Querétaro 
is in the country endemic category. In other states, the 
largest number falls within the non-endemic category, 
1.e., Oaxaca (Mata-Silva et al. 2015), Tamaulipas (Teran- 
Juarez et al. 2016), Nuevo Leon (Nevarez-de los Reyes et 
al. 2016), and Chiapas (Johnson et al. 2015a). 

Only one endemic species occurs in Querétaro 
(Sceloporus exsul), and in the 10 previous individual- 
state entries in the Mexican Conservation Series the 
number of state endemics was found to be variable, 
ranging from one in Nayarit and Nuevo Leon (Woolrich- 
Pifia et al. 2016; Nevarez-de los Reyes 2016) to 93 in 
Oaxaca (Mata-Silva et al. 2015). 

Two non-native species are found in Querétaro, 
Hemidactylus frenatus and Virgotyphlops braminus. 
These two taxa are the most widespread of the non- 
native species recorded in the 12 entries in the Mexican 
Conservation Series (Ramirez-Bautista et al. 2020), and 
as of this contribution, they now have been recorded in 
11 and 12 states or tri-state regions, respectively. 

Wilson et al. (2017) developed a system for 
categorizing the distribution of the herpetofauna of 
Mesoamerica, and applying those categories to this 
study, the data are summarized in Table 10. Previously, 
we noted that 67 species in Querétaro are endemic to 
Mexico, and thus 60 native species are not. These 60 
species are allocated to five of the categories established 


Amphib. Reptile Conserv. 


by Wilson et al. (2017): MXUS, MXCA, MXSA, USCA, 
and USSA. As expected, the largest number of species 
falls into the MXUS category (26, 43.3%), which is 
followed by MXCA (17, 28.3%), MXSA (9, 15.0%), 
USCA (5, 8.3%), and finally USSA (3, 5.0%). 


Principal Environmental Threats 


In this section we discuss the problems affecting the 
sustainability of the amphibian and reptile populations in 
Querétaro that we consider to be of greatest significance. 
Several negative factors apply, such as the increasing and 
unregulated clearing of forests for farming and raising 
livestock (for grazing areas), the construction of roads, 
the constant and increasing pollution in bodies of water, 
emerging diseases, forest fires, and strongly ingrained 
cultural factors (Cruz-Elizalde et al. 2016, 2019). 
Humans have caused all these factors, either directly or 
indirectly, so they should be considered “anthropogenic 
effects.” 


Deforestation. Despite the fact that Querétaro is 
substantially covered with vegetation, primarily in the 
northern part of the state where oak forests, pine forests, 
tropical vegetation, and cloud forest still remain, many of 
these areas have been highly deforested for their timber 
resources. Sawmills for wood extraction are common 
in many places, and woodlands often are transformed 
into areas for agriculture and livestock use. Forested 
areas in the state consist of 737,821 ha, of which 51.4% 
corresponds to arid areas such as chaparral and shrubland, 
24.1% to temperate forest dominated by conifers, 9.1% 
to various forests (low, medium, and high), and 15.1% to 
disturbed areas with various degrees of effect, without 
vegetation cover, or of little importance. 

The areas of natural vegetation, whether with forests 
or other types of cover, have been deforested to create 
agricultural areas, urban settlements, industrial parks, 
gas pipelines, aquaculture, or roads (Fig. 11). About 80% 
of all forest fires have been intentional. Accordingly, 
federal agencies such as the National Forestry 
Commission (CONAFOR) and state agencies such as 
the Forest Department of the Querétaro Secretariat for 
Agricultural Development (SEDEA) have devoted 
resources, personnel, and campaigns to the mitigation 
of these fires. In addition, reforestation programs have 
focused on regions with temperate forest sites, where 
large portions of the area have been reforested, such as 
in the municipalities of Cadereyta de Montes, Colon, and 
Pefiamiller, where 1,555 ha in these three municipalities 
have been reforested since 2016. 

Deforestation has been more extensive in areas of 
northern Querétaro, both in temperate environments 
and forests. This destruction has largely affected the 
amphibians and reptiles that primarily inhabit these 
environments, such as salamanders of the genera 
Chiropterotriton and Pseudoeurycea; anurans such 
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No. 17. Thamnophis eques (Reuss, 1834). The Mexican Garter 
Snake occurs in Mexico from the vicinity of the Pico de 
Orizaba northwestward to and south to Aguascalientes, Sonora 
and Chihuahua, Quéretaro, Oaxaca, Nuevo Leon, Hidalgo, 
San Luis Potosi, Guanajuato, Puebla, Guerrero, Nayarit, and 
Morelos. This individual was found in the locality of Mesa de 
Leon, Querétaro. Wilson et al. (2013a) determined its EVS as 
8, placing it in the low vulnerability category. Its conservation 
status has been assessed as Least Concern by the IUCN, 
and it has been placed in the Endangered (A) category by 
SEMARNAT. Photo by Raciel Cruz-Elizalde. 


- 


ee ee 


Coralsnake occurs “from the Mississippi River westward into 
Texas, in the United States, and in Mexico, from Tamaulipas 
south to Veracruz...” (Lemos-Espinal and Dixon 2013: 240). 
This individual came from Zona Metropolitana de Querétaro in 
the municipality of El Marques. Wilson et al. (2013a) calculated 
its EVS as 11, placing it in the medium vulnerability category. 
Its conservation status has been determined as Least Concern 
by IUCN, and this species is not listed by SEMARNAT. Photo 
by Diego Baez. 
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No. 18. Thamnophis sumichrasti (Cope, 1866). Sumichrast’s 
Garter Snake occurs in the states of Oaxaca, Chiapas, Querétaro, 
San Luis Potosi, Tabasco, Puebla, Veracruz, and Hidalgo. This 
individual was found in Landa de Matamoros, Querétaro. 
Wilson et al. (2013a) determined its EVS as 15, placing it in 
the high vulnerability category. Its conservation status has been 
assessed as Least Concern by the IUCN, and it has been placed 
in the Endangered (A) category by SEMARNAT. Photo by 
Raciel Cruz-Elizalde. 


No. 20. Crotalus aquilus Klauber, 1952. The Dusky Rattlesnake 
is found “from the region of Lake Chapala, Jalisco, eastward 
through Michoacan, Guanajuato, Querétaro, central San Luis 
Potosi, and southeastward through northern Hidalgo and 
northwestern Veracruz” (Lemos-Espinal and Dixon 2013: 
249). This individual was encountered in the Area Natural 
de Pefia Colorada, in the muncipality of Querétaro. Wilson et 
al. (2013a) ascertained its EVS as 16, placing it in the middle 
portion of the high vulnerability category. This species has been 
assessed as Least Concern by IUCN, and placed in the Special 
Protection (Pr) category by SEMARNAT. Photo by Alejandro 
Peralta Robles. 
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Table 8. Distributional and conservation status measures for members of the herpetofauna of Querétaro, Mexico. Distributional 
Status: CE = endemic to country of Mexico; NE = not endemic to state or country; and NN = non-native. The numbers suffixed 
to the NE category signify the distributional categories developed by Wilson et al. (2017) and implemented in the taxonomic 
list at the Mesoamerican Herpetology website (http://mesoamericanherpetology.com), as follows: 3 (species distributed only in 
Mexico and the United States); 6 (species ranging from Mexico to South America); 7 (species ranging from the United States to 
Central America); and 8 (species ranging from the United States to South America). Environmental Vulnerability Score categories 
(taken from Wilson et al. 2013a,b): low (L) vulnerability (EVS of 3-9); medium (M) vulnerability (EVS of 10-13); and high (H) 
vulnerability (EVS of 14-20). IUCN categories: CR = Critically Endangered; EN = Endangered; VU = Vulnerable; NT = Near 
Threatened; LC = Least Concern; DD = Data Deficient; NE = Not Evaluated. SEMARNAT status: A = Threatened; P = Endangered; 
Pr = Special Protection; and NS = No Status. See Alvarado-Diaz et al. (2013), Johnson et al. (2015a), and Mata-Silva et al. (2015) 
for explanations of the EVS, IUCN, and SEMARNAT rating systems. 
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Table 8 (continued). Distributional and conservation status measures for members of the herpetofauna of Querétaro, Mexico. 
Distributional Status: CE = endemic to country of Mexico; NE = not endemic to state or country; and NN = non-native. The 
numbers suffixed to the NE category signify the distributional categories developed by Wilson et al. (2017) and implemented in the 
taxonomic list at the Mesoamerican Herpetology website (http://mesoamericanherpetology.com), as follows: 3 (species distributed 
only in Mexico and the United States); 6 (species ranging from Mexico to South America); 7 (species ranging from the United 
States to Central America); and 8 (species ranging from the United States to South America). Environmental Vulnerability Score 
categories (taken from Wilson et al. 2013a,b): low (L) vulnerability (EVS of 3—9); medium (M) vulnerability (EVS of 10-13); and 
high (H) vulnerability (EVS of 14-20). IUCN categories: CR = Critically Endangered; EN = Endangered; VU = Vulnerable; NT 
= Near Threatened; LC = Least Concern; DD = Data Deficient; NE = Not Evaluated. SEMARNAT status: A = Threatened; P = 
Endangered; Pr = Special Protection; and NS = No Status. See Alvarado-Diaz et al. (2013), Johnson et al. (2015a), and Mata-Silva 
et al. (2015) for explanations of the EVS, IUCN, and SEMARNAT rating systems. 
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Table 8 (continued). Distributional and conservation status measures for members of the herpetofauna of Querétaro, Mexico. 
Distributional Status: CE = endemic to country of Mexico; NE = not endemic to state or country; and NN = non-native. The 
numbers suffixed to the NE category signify the distributional categories developed by Wilson et al. (2017) and implemented in the 
taxonomic list at the Mesoamerican Herpetology website (http://mesoamericanherpetology.com), as follows: 3 (species distributed 
only in Mexico and the United States); 6 (species ranging from Mexico to South America); 7 (species ranging from the United 
States to Central America); and 8 (species ranging from the United States to South America). Environmental Vulnerability Score 
categories (taken from Wilson et al. 2013a,b): low (L) vulnerability (EVS of 3—9); medium (M) vulnerability (EVS of 10-13); and 
high (H) vulnerability (EVS of 14-20). IUCN categories: CR = Critically Endangered; EN = Endangered; VU = Vulnerable; NT 
= Near Threatened; LC = Least Concern; DD = Data Deficient; NE = Not Evaluated. SEMARNAT status: A = Threatened; P = 
Endangered; Pr = Special Protection; and NS = No Status. See Alvarado-Diaz et al. (2013), Johnson et al. (2015a), and Mata-Silva 
et al. (2015) for explanations of the EVS, IUCN, and SEMARNAT rating systems. 
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Table 9. Summary of the distributional status of the species in each herpetofaunal family in Querétaro, Mexico. 


Number of 


Famuty species 


Distributional status 
Non-endemic (NE) Country Endemic (CE) Non-native (NN) 


|Bufonidae | 


—; | | ee ee ee ee 


Eleutherodactylidae | 4 8 


Hylidae 
Microhylidae 
Ranidae 
Scaphiopodidae 
Subtotal 
Ambystomatidae 
Plethodontidae 
Subtotal 

Total 

Anguidae 
Corytophanidae 
Dactyloidae 
Dibamidae 
Gekkonidae 
Phrynosomatidae 
Scincidae 
Sphenomorphidae 
Teiidae 
Xantusiidae 
Xenosauridae 
Subtotal 

Boidae 
Colubridae 
Dipsadidae 
Elapidae 
Leptotyphlopidae 
Natricidae 
Typhlopidae 
Viperidae 
Subtotal 
Kinosternidae 
Subtotal 

Total 

Sum Total 


as Craugastor, Eleutherodactylus, Charadrahyla, 
and Plectrohyla, lizards such as Abronia, Norops, 
and Xenosaurus, and snakes of the genera Geophis, 
Thamnophis, and Crotalus. 


Livestock. Similar to deforestation, raising livestock also 
involves vegetation removal for short-term exploitation. 
Livestock activities are associated with the destruction 
of thousands of hectares of pristine forest, and mainly 
in areas of “matorral” (= scrub) in central Querétaro. 
In these areas, a high extension of cover is used to 
establish grazing areas. Likewise, the high demand for 
the production of food animals, such as cattle, goats, and 
pigs, has led to the transformation of many natural areas 
into grazing areas or the establishment of breeding sites, 
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primarily in mountainous areas of the municipalities of 
Landa de Matamoros, Cadereyta de Montes, and Jalpan. 
This type of activity also occurs in tropical areas in the 
northern part of the state, where extensive forested areas 
have been cut down to create grazing areas; however, 
these areas only support low numbers of livestock, 
thereby highlighting the lack of a comprehensive 
management plan for the production of cattle and goats 
in the state. A similar problem occurs in the central part 
of the state, where municipalities such as Pedro Escobedo 
and San Juan del Rio contain the most land transformed 
for agricultural irrigation and grazing. 


Roads. As occurs in other states, and mainly in the 
metropolitan area of Mexico City, the construction of 
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Fig. 11. Urban environment near the city of Querétaro. Photo 
by Cristhian Alejandro Peralta Robles. 


highways and rural roads has increased significantly in 
order to facilitate commerce, and over time has destroyed 
large expanses of the natural vegetation. 

These roads form barriers for individuals and 
populations of wildlife, thereby limiting the distribution 
of species, as well as the basic requirements (space 
and food) necessary for herpetofaunal populations 
to survive and reproduce. Concurrently, such events 
generate isolation, resulting in inbreeding and eventually 
the extinction of populations (Kattan et al. 2004). In 
this sense, rural roads and highways have become an 
important cause of the disturbance and mortality of 
animals (Fig. 12), affecting millions of individuals 
per year (Spellerberg 2002). In the state of Querétaro, 
highways facilitate commercial exchange, mainly with 
the states of Hidalgo, San Luis Potosi, Guanajuato, and 
the State of Mexico, in addition to being the primary 
route for the arrival of tourists to such important towns as 
Bernal, Tequisquiapan, Cadereyta, Jalpan de Serra, San 
Joaquin, and Amealco, located in the middle and northern 
parts of the state. This situation favors an increase in 
the influx of visitors to the state, which causes a greater 
amount of traffic, and thus increases wildlife mortality on 
the roads. This problem has become the general pattern 
in forested areas of neighboring states, such as Hidalgo 
(Puc Sanchez et al. 2013), and although a study of this 
important matter has not been conducted in Querétaro, 
increased highway mortality of wildlife is expected to 
become an issue of major concern in this state. 


Pollution of water bodies. The state of Querétaro 
extends into part of the Metropolitan area of Mexico City, 
and is characterized by a high degree of urbanization 
that has caused significant modification of the natural 
landscape. These changes include the creation of human 
settlements, such as subdivisions or industrial zones, 
as well as the transformation of natural vegetation into 
grazing or agricultural areas, which has had a significant 
impact on environmental health and the contamination of 
bodies of water. In addition, a decrease in the number of 
bodies of water has caused declines in the populations of 
amphibian species of the genera Lithobates, Dryophytes, 
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Fig. 12. A Crotalus molossus killed by ranchers. Photo by 
Cristhian Alejandro Peralta Robles. 


and Ambystoma. 

This general pattern is evident in the central region 
of Mexico, since rivers and other bodies of water in 
northern Querétaro have been contaminated by fertilizers 
or pesticides, which are known to cause malformations 
in amphibians (Aguillon-Gutiérrez et al. 2018). The 
decreases in amphibian populations mean that their 
predators, including snakes, are lacking food, so these 
species and their populations also are affected. Presently, 
no conservation studies of the amphibians are available 
for the state of Querétaro, or even assessments of the 
status of their populations, since this is one of the least- 
explored states in the country. This situation highlights 
the need for studies evaluating the conservation status of 
members of Querétaro’s herpetofauna. 


Myths and other cultural factors. In many areas 
of Mexico, amphibians and reptiles often are 
underappreciated, since they are frequently considered to 
be poisonous or venomous, or otherwise harmful (Fig. 
11). 

In northern Querétaro, where various indigenous 
communities are located, many herpetofaunal species 
continue to be killed due to local beliefs. For example, 
some species of salamanders (genera Aquiloeurycea 
and/or /sthmura) and lizards (genera Abronia, Barisia, 
and Gerrhonotus) are thought to be venomous, whereas 
all snakes are indiscriminately regarded as dangerous. 
Additionally, many people believe that the salamanders 
Aquiloeurycea cephalica and Bolitoglossa platydactyla, 
and the snake Pituophis deppei, somehow impregnate 
women; therefore, encounters with these creatures 
frequently end up with them being killed (Ramirez- 
Bautista et al. 2014). On the other hand, the use and 
consumption of amphibians and reptiles in Mexico is not 
statistically well documented, since it is not a practice 
carried out on a daily basis (Lavin-Murcio and Lazcano 
2010). However, in many parts of the state, particularly 
in rural communities, reptiles are used for medicinal 
purposes, as is the case with rattlesnakes (genus Crotalus) 
that are in very high demand for treating diseases such as 
cancer, although there are no scientific studies to prove 
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Table 10. Summary of the distributional categories of herpetofaunal families in Querétaro, Mexico, that contain non-endemic 
species. Categorizations are as follows: MXUS, species distributed only in Mexico and the United States (except for a few also 
found in Canada); MXCA, species found only in Mexico and Central America; MXSA, species ranging from Mexico to South 
America; USCA, species ranging from the United States to Central America (except for a few also found in the Antilles); and USSA, 
species ranging from the United States to South America. 
Distributional status 
non-endemic 
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this assumption (Fitzgerald et al. 2004). This belief has 
also spread in large cities, making this resource more 
exploited for the sale of powders and ointments derived 
from these organisms (Campbell and Lamar 2004). 


Conservation Status 


The three systems of conservation assessment used in 
the previous entries in the Mexican Conservation Series 
(see above) were applied here, 1.e., the SEMARNAT 
(2010), IUCN Red List (http://tucnredlist.org), and 
Environmental Vulnerability Score (EVS) systems 
(Wilson et al. 2013a,b). The assessments from these three 
systems have been updated as necessary. 


The SEMARNAT System. The SEMARNAT system 
is a method for assessing conservation status that was 
developed and implemented by the Secretaria del 
Medio Ambiente y Recursos Naturales of the federal 
government of Mexico (SEMARNAT 2010). Some of 
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the available ratings for herpetofaunal species inhabiting 
Querétaro are given in Table 8 and summarized in Table 
11. The SEMARNAT system uses three categories of 
assessment: endangered (P), threatened (A), and under 
special protection (Pr). In this study, we placed the 
remaining unassessed species into a “no status” (NS) 
category. 

The data in Table 11 show that only 55 (43.3%) of 
the 127 native species in Querétaro have been assessed 
by SEMARNAT, while 72 (56.7%) native species remain 
unassessed based on this system. 

If one assumes that SEMARNAT personnel placed a 
greater emphasis on species endemic to Mexico, then this 
should be evident by comparing the assigned species to 
their distributional categories, and those to the SEMARNAT 
categories. In order to determine whether this bias is 
evident, the pertinent data are shown in Table 12. These data 
indicate that the majority of the non-endemic species (41 
of 60, 68.3%) have not been evaluated in the SEMARNAT 
system. The comparable values for the country endemics are 
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Table 11. SEMARNAT categorizations for herpetofaunal species in Querétaro, Mexico, summarized by family. Non-native species 


SEMARNAT category 


Special No status 
Endangered (P) | Threatened (A) iam Beka (Pr) —= 


are excluded. 


Number of 
species 


Bufonidae fe 


Family 


93 15 Pag 51 
Sum Total 2 Ns | A | | 


29 of 67 (43.3%). Similar values were reported by Ramirez- 
Bautista et al. (2020), but they do not indicate a clear bias in 
favor of the Mexican endemic species. Nonetheless, these 
data demonstrate that the SEMARNAT system is not of 
much use in assessing the conservation status of the Mexican 
herpetofauna in general, and especially the herpetofauna of 
Queretaro, until all the species are incorporated. 


The IUCN System. The International Union for 
Conservation of Nature (IUCN) system for conservation 
assessment is intended to apply to all organisms, although 
it is mostly applied to vertebrate animals and flowering 
plants. For example, of the 78,126 animal species 
assessed as of 10 December 2020, 53,907 are vertebrates 
(69.0%). Of the 50,369 plant species evaluated, 48,323 


Table 12. Comparison of SEMARNAT and Distributional categories for the Querétaro herpetofauna. Non-native species are 


excluded. 


Distributional category 


Non-endemic species (NE) 


Total 


SEMARNAT category 
Endangered (P) | Threatened (A) | Special Protection (Pr) | No Status (NS) 
Se ae ee (a | ee ed 


Country-endemic species(CE) | | 
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(95.9%) are flowering plants (IUCN Red List version 
2020-3: see Table 1a in that list). That table also shows 
that the vertebrate assessments include 7,166 species of 
amphibians and 8,236 species of reptiles. The Reptile 
Database website (accessed 1 January 2021) provides a 
total count for reptile species as 11,341 (dated August 
2020); thus, as of that date 72.6% of the world’s reptile 
species had been assessed by the IUCN; the similar 
total for amphibian species is 86.7% of 8,270 species 
(Amphibian Species of the World website; accessed 1 
January 2021). Thus, a significantly greater portion of 
the amphibian species has been assessed, as compared 
to the reptile species. For the global herpetofauna, of the 
19,611 total species, 15,402 (78.5%) have been assessed. 


In previous entries of the Mexican Conservation 
Series, the IUCN system of conservation evaluation has 
been criticized for several reasons (e.g., see Johnson et 
al. 2015b). Nonetheless, the IUCN system 1s sufficiently 
broadly applied that we would be negligent by not using 
it here. Thus, the [UCN categorizations for the members 
of the Hidalgo herpetofauna are shown in Table 8, and 
summarized in Table 13. 

Of the 127 native members of the Querétaro 
herpetofauna, 107 (84.3%) species have been assessed 
using the IUCN system (Table 13). This percentage 1s 
similar to that calculated by Ramirez-Bautista et al. (2020) 
for the herpetofauna of the adjacent state of Hidalgo 
(82.4%). Of these 107 species, only 15 (14.0%) have 


Table 13. IUCN Red List categories for the species in each herpetofaunal family in Querétaro, Mexico. Non-native species are 


excluded. The shaded columns to the left are the “threat categories,” 


and those to the right are the categories for which either too 


little information on the conservation status exists to allow the taxon to be placed in any other IUCN category (DD), or the species 


was simply not evaluated (NE). 


Number 
Family of 
species 


[Hylidae | 8s 
| Microhylidae | | 
Rane A=] 
| Scaphiopodidae | 2 | 
[Subtotal | 27 | 
| Ambystomatidae | 1 | 
| Plethodontidae [| 6 | 
[Subtotal | 7 
[Tol | 
|Anguidae | 4 | 
| Corytophanidae | 2 | 
| Dactyloidae | EE 
ee 
| Phrynosomatidae | 12 
|Scincidae | 2 
| Sphenomorphidae_ | 3___| 
| Natricidae | 8 
| Viperidae | 10s | 
| Subtotal | 59 | 
| Kinosternidae | 3 | 
[Subtotal | SES 
Total | 9 
| Sumtotal | 127 | 


Critically 


Endangered Endangered 


WIN 


IUCN Red List category 


Least 
Concern 


Category total | 127 PB 
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been allocated to one of the three “threat categories,” 
including two as CR, four as EN, and nine as VU (Table 
13). The two CR species are a salamander (Chiropterotriton 
magnipes) and a lizard (Sceloporus exsul), both country 
endemics. The four EN species are two salamanders 
(Chiropterotriton chondrostega and C. multidentatus) and 
two snakes (Chersodromus rubriventris and Thamnophis 
melanogaster), all country endemics. The nine VU species 
are four anurans (Craugastor decoratus, Eleutherodactylus 
longipes, E. verrucipes, and Tlalocohyla godmani), two 
salamanders (Aquiloeurycea scandens and Isthmura bellii), 
two lizards (Abronia taeniata and Lepidophyma gaigeae), 
and a snake (Storeria hidalgoensis), all country endemics. 
Of the 92 species allocated in the “lower risk categories” 
(NT and LC), only four are in the NT category and the 
remaining 88 are in the LC category (Table 13). The four 
NT species are two anurans (Rheohyla miotympanum and 
Lithobates neovolcanicus), a salamander (Aquiloeurycea 
cephalica), and a snake (Lampropeltis ruthveni), all 
country endemics. The 88 LC species constitute 69.3% of 


the 127 native species in Querétaro (Table 13). Whether 
such a large proportion of these native species are actually 
of “least concern” 1s open to question, and we examine 
these assignments below. 

Twenty members of the Querétaro herpetofauna have 
not been assessed using the IUCN system, of which two 
species are placed in the Data Deficient (DD) category and 
the remaining 18 in the Not Evaluated (NE) category. These 
20 species comprise 15.7% of the native herpetofauna, and 
we examine them in more detail below. 


The EVS System. Originally, the EVS (Environmental 
Vulnerability Score) system was created for evaluating the 
conservation status of the Honduran herpetofauna, but since 
then it has been employed tn assessing other components of 
the Mexican and Central American herpetofaunas (Wilson 
et al. 2013a,b; Johnson et al. 2015b; and all entries in the 
Mexican Conservation Series [see above]]). In this study, we 
list the assessed EVS values for the 127 native species in 
Table 8, and summarize them in Table 14. 


Table 14. Environmental Vulnerability Scores (EVS) for herpetofaunal species in Querétaro, Mexico, summarized by family. The 
shaded area to the left encompasses the low vulnerability scores, and the one to the right includes the high vulnerability scores. 


Non-native species are excluded. 
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Table 15. Comparison of Environmental Vulnerability Scores (EVS) and IUCN categories for members of the herpetofauna of 
Querétaro, Mexico. Non-native species are excluded. The shaded area at the top encompasses low vulnerability category scores, and 
the one at the bottom includes the high vulnerability category scores. 


IUCN category 


Near Least Not Total 
Vulnerable Threateued Data Deficient Evaluated — 


Critically 
Endangered Endangered 


The EVS values range from 3 to 17, three fewer than 
the entire theoretical range of 3-20. The most frequent 
values (applied to 10 or more species) are 6 (12 species), 
9 (10), 10 (11), 11 (12), 12 (12), and 13 (17). Collectively, 
these six values are applied to 74 of the 127 native species 
(58.3%). We determined the lowest score of 3 for three 
anuran species (Rhinella horribilis, Smilisca baudinii, 
and Scaphiopus couchii) and the highest score of 17 for 
five species, including two salamanders (Aquiloeurycea 
scandens and Chiropterotriton chondrostega), one lizard 
(Sceloporus exsul), and two snakes (Agkistrodon taylori 
and Crotalus totonacus); and all five of these species are 
country endemics. 

As in previous MCS studies, we allocated the EVS 
scores into three categories of low, medium, and high 
vulnerability. Accordingly, the summary values (Table 14) 
increase from low vulnerability (45 species) to medium 
vulnerability (52), and then decrease to high vulnerability 
(30). In general, this pattern is typical of state herpetofaunas 
that contain more non-endemic species than country and 
state endemics, as was found in Chiapas (Johnson et al. 
2015a), Tamaulipas (Teran-Juarez et al. 2016), Nuevo Leon 
(Nevarez-de los Reyes et al. 2016), Coahuila (Lazcano 
et al. 2019), and Hidalgo (Ramirez-Bautista et al. 2020). 
In the case of the Querétaro herpetofauna, however, the 
number of country endemics (67) is seven more than the 
number of non-endemics (60). 

The numbers of species in the Querétaro herpetofauna 
for each IUCN category / EVS score combination are 
shown in Table 15. This comparison indicates that 15 of 
the 30 high vulnerability species (50.0%) were allocated to 
one of the three IUCN “threat categories.” This relatively 
moderate proportion is due primarily to the number of 
amphibians evaluated as CR, EN, or VU; nine of 34 
amphibian species (26.5%) are anurans (four species) and 
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salamanders (five), compared to six of 92 reptiles (6.5%). 
Only one salamander (Chiropterotriton magnipes) 
and one lizard (Sceloporus exsul) are assessed as CR; 
only two salamanders (Chiropterotriton chondrostega 
and C. multidentatus) and two snakes (Chersodromus 
rubriventris and Thamnophis melanogaster) as EN; and 
four anurans (Craugastor decoratus, Eleutherodactylus 
longipes, E. verrucipes, and Tlalocohyla godmani), two 
salamanders (Aquiloeurycea scandens and Isthmura 
bellii), two lizards (Abronia taeniata and Lepidophyma 
gaigeae), and one snake (Storeria hidalgoensis) as VU. 
At the other extreme, the 45 low vulnerability species 
comprise 51.7% of the 87 LC species (Table 15). As 
demonstrated in other MCS entries, the results of 


No. 21. Crotalus triseriatus Wagler, 1830. The Central Plateau 
Dusky Rattlesnake occurs in the states of Veracruz, Michoacan, 
Morelos, Hidalgo, Querétaro, and Puebla. This individual 
was found in Huimilpan, Querétaro. Wilson et al. (2013a) 
determined its EVS as 16, placing it in the high vulnerability 
category. Its conservation status has been assessed as Least 
Concern by IUCN, but this species is not listed by SEMARNAT. 
Photo by Raciel Cruz-Elizalde. 


April 2022 | Volume 16 | Number 1 | e308 


Cruz-Elizalde et al. 


Table 16. Environmental Vulnerability Scores (EVS) for the two members of the herpetofauna of Querétaro, Mexico, that are 
allocated to the IUCN Data Deficient category. * = country endemic. 


Environmental Vulnerability Score (EVS) 


Taxon Geographic 


distribution 


distribution 


Reproductive 
mode/Degree of 
persecution 


Ecological 


Geophis latifrontalis* 


Rhadinaea gaigeae* 


applying the IUCN and EVS systems do not correspond 
well to one another. 

Two of the 127 native members of the Querétaro 
herpetofauna were assigned to the DD category (Table 
16; Geophis latifrontalis and Rhadinaea gaigeae). Based 
on the argument applied in prior MCS studies, we suggest 
the allocation of G. /atifrontalis to the VU category and 
R. gaigeae to the NT category. 

Nineteen species remain unevaluated using the 
IUCN system (allocated to the NE category in Tables 
8 and 17). Seven of these species are country endemics 
(Holcosus amphigrammus, Xenosaurus  mendozai, 
Ficimia olivacea, Lampropeltis polyzona, Epictia wynni, 
Crotalus totonacus, and Metlapilcoatlus borealis), and 
the rest are non-endemics. The EVS values for these 19 
species range from 3-17, which places some in all three 
summary categories (Table 8). Ten have low EVS scores, 
seven have medium scores, and two have high scores. 
Until the IUCN evaluations become available for these 
species, we suggest that the two high EVS species should 
be placed in one of the three threat categories, perhaps 
as follows: CR—Crotalus totonacus, EN—Xenosaurus 


mendozai. We also suggest that the species with an EVS 
of 12 or 13 should be placed in the NT category. The 
remainder of the species with an EVS of 6—11 can be 
allocated to the LC category (Table 17). 

As in other studies in the Mexican Conservation 
Series, a sizeable number of members of the herpetofauna 
of Querétaro have been allocated to the Least Concern 
category by IUCN (Table 18); this number amounts to 
87, or 68.5% of the total of 127 native species. Given 
this indication that slightly fewer than seven of every 10 
herpetofaunal species in Querétaro has been classified 
as Least Concern, it would appear that the conservation 
status of state’s herpetofauna is in relatively good shape. 
To determine if this is the case, we further considered the 
87 species in Table 18, along with the their respective 
EVS values. Although one might expect that the LC 
species would most likely be non-endemic to Mexico, 
39 (44.8%) are actually country endemics, including six 
anurans, one salamander, 16 lizards, 15 snakes, and one 
turtle (Table 18). The range of EVS values of these 39 
species covers 9-17, which lies mostly outside of the 
low vulnerability range of values. The allocation of the 


Table 17. Environmental Vulnerability Scores (EVS) for those members of the herpetofauna of Querétaro, Mexico, that are currently 
Not Evaluated (NE) by the IUCN. Non-native taxa are excluded. * = country endemic. 


Taxon 


Environmental Vulnerability Score (EVS) 


Reproductive 
mode/Degree of 
persecution 


Geographic 
distribution 


Ecological 
distribution 
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Table 18. Environmental Vulnerability Scores (EVS) for those members of the herpetofauna of Querétaro, Mexico, that are assigned 
to the IUCN Least Concern (LC) category. Non-native taxa are not included. * = country endemic. 


Environmental Vulnerability Score (EVS) 
Faxon Geographic Ecological Reproductive mode/Degree Total 
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Table 18 (continued). Environmental Vulnerability Scores (EVS) for those members of the herpetofauna of Querétaro, Mexico, that 
are assigned to the IUCN Least Concern (LC) category. Non-native taxa are not included. * = country endemic. 


Environmental Vulnerability Score (EVS) 
Taxon Geographic 
distribution 


Pituophis deppei* 
Pseudelaphe flavirufa 
Salvadora bairdi* 


Kinosternon integrum* 


Adelphicos quadrivirgatum 
Amastridium sapperi 
Coniophanes piceivittis 


EVS values for the 87 species into the three summary 
categories demonstrates one species is low (3-9), 24 are 
medium (10-13), and 14 are high (14—20). Accordingly, 
we suggest that a more realistic assessment would be to 
place the 14 high vulnerability species into one of the 
three threat categories, as follows: CR (Agkistrodon 
taylori), EN (Crotalus aquilus, C. polystictus, and C. 
triseriatus), and VU (Anaxyrus compactilis, Barisia 
ciliaris, Sceloporus minor, S. parvus, Lepidophyma 
occulor, Pituophis deppei, Salvadora bairdi, Thamnophis 
pulchrilatus, T: scalaris, and T: sumichrasti). All of the 24 
medium vulnerability species probably should be placed 
in the NT category, and the single low vulnerability 
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species could remain in the LC category, at least until 
more targeted surveys can be undertaken. 


Relative Herpetofaunal Priority 


Johnson et al. (2015a) originated the concept of Relative 
Herpetofaunal Priority (RHP), a simple device used to 
measure the relative importance of the herpetofaunal 
species found in any geographic entity (e.g., a state or 
physiographic region). Determining the RHP involves 
the use of two methods: (1) calculating the proportion 
of state and country endemics as they relate to the entire 
physiographic regional herpetofauna, and (2) calculating 
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Table 19. Number of herpetofaunal species in each distributional status category among the three physiographic regions of 
Querétaro, Mexico. The rank is based on the number of eo endemics. 


Distributional | —sDistributional category 
Total Rank order 
endemics 


Physiographic region 


Central Plateau a aa 


Transmexican Volcanic Belt —— ES 


Sierra Madre Oriental 


the absolute number of high category species in each 
physiographic regional herpetofauna. The pertinent data 
for these two methods are shown in Tables 19 and 20. 

Based on the relative number of country endemics 
(Table 19), the first rank is held by the SMO with 57 
country endemics of a total of 102 species (55.9%). The 
remaining ranks are second for the CP (36 of 64 species; 
56.3%) and third for the TVB (24 of 43 species; 55.8%). 
Interestingly, the three proportions (55.9, 56.3, and 55.8) 
only differ from one another by 0.5 or less. 

Based on the relative number of high vulnerabilty 
species (Table 20), the ranks are the same as above: first 
is SMO (23 of 101 species; 22.8%); second is CP (14 of 
63 species; 22.2%); and third is TVB (six of 43 species; 
14.0%). 

Based on the results of the RHP analysis, the 
physiographic region with the highest priority is the 
SMO, inasmuch as it contains the highest numbers of 
both country endemics and high vulnerability species 
(Tables 19-20). This region also has the highest priority 
in Puebla (Woolrich-Pifia et al. 2017) and Hidalgo 
(Ramirez-Bautista et al. 2020). The country endemics 
include 12 anurans, seven salamanders, 19 lizards, 18 
snakes, and one turtle. We indicate these species with 
an asterisk in Table 4. The SMO also harbors 23 high 
vulnerability species, which are identified in Table 8 
and listed here for emphasis (with EVS score shown in 
parentheses): 


Anaxyrus compactilis* (14) 
Craugastor decoratus* (15) 
Eleutherodactylus longipes* (15) 
Eleutherodactylus verrucipes* (16) 
Aquiloeurycea cephalica* (14) 
Aquiloeurycea scandens* (17) 
Chiropterotriton chondrostega* (17) 
Chiropterotriton magnipes* (16) 
Chiropterotriton multidentatus* (15) 
Abronia taeniata* (15) 

Barisia ciliaris* (14) 


Sceloporus minor* (14) 
Sceloporus parvus* (15) 
Lepidophyma occulor* (14) 
Xenosaurus mendozai* (16) 
Pituophis deppei* (14) 
Salvadora bairdi* (15) 
Chersodromus rubriventris* (14) 
Geophis latifrontalis* (14) 
Thamnophis sumichrasti* (15) 
Agkistrodon taylori* (17) 
Crotalus aquilus* (16) 
Crotalus totonacus* (17) 


Of these 24 species, all are country endemics and note 
that their EVS values range from 14 to 17. 


The CP contains 36 country endemics, including seven 
anurans, two salamanders, 12 lizards, 12 snakes, and 
one turtle, all of which are indicated with an asterisk 
in Table 4. The CP also contains 14 high vulnerability 
species, which are identified in Table 8 and listed here 
for emphasis: 


Anaxyrus compactilis* (14) 
Aquiloeurycea cephalica* (14) 
Chiropterotriton chondrostega* (17) 
Barisia ciliaris* (14) 
Sceloporus exsul* (17) 
Sceloporus minor* (14) 
Sceloporus parvus* (15) 
Pituophis deppei* (14) 
Salvadora bairdi* (15) 
Thamnophis pulchrilatus* (15) 
Thamnophis scalaris* (14) 
Crotalus aquilus* (16) 
Crotalus polystictus* (16) 
Crotalus triseriatus* (16) 


All of these 14 species are country endemics and note 
that their EVS values range from 14 to 17. 


Table 20. Number of herpetofaunal species in each of the three EVS categories among the three physiographic regions of Queretaro, 
Mexico. The rank is determined by the relative number of high EVS species. Non-native species are excluded. 


Physiographic region 
Central Plateau 


Transmexican Volcanic Belt 


Sierra Madre Oriental 
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The TVB is home to 24 country endemic species, 
including seven anurans, one salamander, six lizards, 
nine snakes, and one turtle, all of which are indicated 
with an asterisk in Table 4. The TVB also harbors six 
high vulnerability species, as indicated in Table 8 and 
listed here for emphasis: 


park guards; S 
survey 
completed 


Herpetofaunal 


Anaxyrus compactilis* (14) 
Eleutherodactylus verrucipes* (16) 
Lampropeltis ruthveni* (16) 
Pituophis deppei* (14) 
Thamnophis melanogaster* (15) 
Crotalus aquilus* (16) 


Management 
plan 
available 


administrative services; R 


All six of these species are country endemics and note 
that their EVS values range from 14 to 16. 


Occupied by 
landowners 


In each of the three physiographic regions in Querétaro, 
the largest distributional grouping consists of country 
endemic species. In addition, the high vulnerability species 
in each region also are country endemics. Thus, both RHP 
measures indicate that the species of greatest conservation 
significance are all country endemic species. These results 
are important to recognize in any efforts to protect these 
creatures (as discussed in detail below). 


Facilities 
available 


Physiographic 
Transmexican 
Volcanic Belt 
Transmexican 
Volcanic Belt 
Sierra Madre 

Oriental 


Protected Areas in Querétaro 


Since humans apparently are not predisposed to 
deal with the threats posed to planetary biodiversity 
(Wilson and Lazcano 2019), 1.e., to change the ways of 
thinking to promote the control of human population 
growth, conservation biologists generally propose the 
establishment of protected areas to ensure the safety of 
populations of organisms within those areas. In the case 
of Querétaro, three such areas have been proposed (Table 
21). As noted by Woolrich-Pifia et al. (2017), “in the case 
of the Mexican herpetofauna, as with all other organismal 
groups in this country, the compendium of available 
information on which to base these actions increases 
with time. As a short-term example, Wilson and Johnson 
(2010) reported 373 amphibians and &30 crocodylians, 
squamates, and turtles for a total Mexican herpetofauna 
of 1,203 species. Three years later, Wilson et al. (2013a,b) 
indicated the comparable numbers as 378 and 849 (a total 
of 1,227) and [four years later]... the numbers [stood] at 
394 and 898 (a total of 1,292; Johnson et al. 2017).” At 
this juncture, the numbers are 416 and 956 (total of 1,372: 
JD Johnson, unpub. data; 31 March 2022). Thus, over 
the last 12 years, the number of amphibian species has 
increased by 43 (11.5%), and those for the crocodylians, 
squamates, and turtles by 126 (15.2%), so the total has 
increased by 169 (14.1%). On average, the total number 
of Mexican herpetofaunal species has increased by 14.1 
per year (169/12). 

Only three protected areas are currently designated in 
Querétaro, all of which are federal areas, including two 


Mexican 
Federal 
Government 
Mexican 
Federal 


cH 
5 & 
“= O 
$3 
Sk 


Government 
Government 


= 
° 
Ss 
a 
s 
A 
im 
=| 
= 


Municipalities 
Santiago de 
Querétaro 
Santiago de 
Querétaro 
Arroyo Seco, 
Jalpan de 
Serra, Landa de 
Matamoros, Pinal 
de Amoles, San 
Joaquin 


383, 
567.45 


Area (ha) 
: National 
El Cimatario 21/07/1982 2, 447.87 
Park 


facilities for visitors. 
09/05/1997 


Date of decree 
(dd/mm/yyyy) 
07/07/1937 


systems of pathways; and V = 
National 
Park 
Reserva de 
la Bidsfera 


sm iaihiha 


Cerro de Las 


Campanas 
Sierra Gorda 


Table 21 Characteristics of the Natural Protected Areas in Querétaro, Mexico. Abbreviations in the Facilities available column are as follows: A 
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Table 22. Distribution of herpetofaunal species in each of the Natural Protected Areas of Querétaro, Mexico, based on herpetofaunal 
surveys. Abbreviations are as follows: * = species endemic to Mexico, and ** = non-native species. 


Natural Protected Area 
Taxon 
Cerro de Las Campanas EI Cimatorio 


Anura (18 species) 
Bufonidae (4 Species) 
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Table 22 (continued). Distribution of herpetofaunal species in each of the Natural Protected Areas of Querétaro, Mexico, based on 
herpetofaunal surveys. Abbreviations are as follows: * = species endemic to Mexico, and ** = non-native species. 


Natural Protected Area 


Cerro de Las Campanas El Cimatorio 


+ 
+ 


Taxon 


Scincella gemmingeri* 
Scincella silvicola* 
Teiidae (2 species) 
+4 
rT 
Xantusiidae (3 species) 
4 
+4 
+4 
Boidae (1 species) 
Boa imperator 
Colubridae (14 species) 
Conopsis lineata* 
Conopsis nasus* 
Drymobius margaritiferus 
Ficimia olivacea* 
Gyalopion canum 

zona* 
Masticophis schotti 
Oxybelis potosiensis 


+ 


Salvadora bairdi* 
Salvadora grahamiae 
Senticolis triaspis 
Tantilla rubra 
Dipsadidae (8 species) 


Chersodromus rubriventris* 
Geophis latifrontalis* 
Geophis mutitorques* 
Hypsiglena jani 


Rhadinaea gaigeae* 
Tropidodipsas sartorii 
Elapidae (1 species) 
Micrurus tener 
Natricidae (6 species) 
Storeria hidalgoensis* 
Thamnophis cyrtopsis 
Thamnophis eques 
Thamnophis melanogaster* 
Thamnophis scalaris* 
Thamnophis sumichrasti* 
Viperidae (4 species) 
Crotalus aquilus* 
Crotalus atrox 

Crotalus molossus 
Crotalus triseriatus* 
Testudines (1 species) 
Kinosternidae (1 species) 
Kinosternon integrum* 
Total (95 species) 


+ 


+ 
al 


Aspidoscelis gularis 
Holcosus amphigrammus* 
Lepidophyma gaigeae* 
Lepidophyma occulor* 
Lepidophyma sylvaticum* 
Lampropeltis polyz 
Pituophis deppei* 
Pseudelaphe flavirufa 
Adelphicos quadrivirgatum 
Leptodeira septentrionalis 
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Table 23. Summary of the distributional status of herpetofaunal species in each natural protected area in Querétaro, Mexico. Total 
= total number of species recorded in all of the listed protected areas. 


Number 
of 
species 


Protected area 


NP Cerro de Las Campanas 


national parks and one biosphere reserve (Table 21). These 
three parks were established between 1937 and 1997, and 
range in size from about 59 to 383,567 ha. Fortunately, the 
largest of these areas is located within the Sierra Madre 
Oriental, the physiographic region of greatest herpetofaunal 
importance in the state. A full range of facilities is available 
in each area. Unfortunately, landowners occupy all three 
areas to some degree, and no herpetofaunal surveys are 
available. Conversely, management plans are available for 
all three areas. 

Although official herpetofaunal surveys have not been 
completed for any of the protected areas in Querétaro, the 
available information on the herpetofaunal species known 
from the three protected areas has been collated here and is 
presented in Table 22, and summarized in Table 23. 

Of the 129 species known from Querétaro, 79 (60.8%) 
are known to inhabit at least one of the three protected 
areas (Tables 22—23). Only a few species are known from 
the two national parks: Cerro de Las Campanas National 
Park (eight species, including three non-endemic species 
and five country endemics) and the El Cimatorio National 
Park (10, including four non-endemic species and six 
country endemics). By far, the largest number of species 
is known from the Sierra Gorda Biosphere Reserve (77, 
including 29 non-endemic species, 47 country endemics, 
and one non-native species). Of all 79 species, only 
two, the country endemic Anaxyrus compactilis and the 
non-endemic Spea multiplicata, are not known from the 
Sierra Gorda Biosphere Reserve. One non-native species 
(Hemidactylus frenatus) is known from this reserve. 
Unfortunately, these data indicate that completing the 
herpetofaunal surveys in these three protected areas will 
constitute a major critical step in assessing the conservation 
needs of the herpetofauna of Querétaro. 

Of the 50 species of amphibians and reptiles which are 
not known from any of the three protected areas, 19 are 
country endemics, 30 are non-endemics, and two are non- 
natives. The 19 country endemics not found in any of the 
three protected areas are: 


Eleutherodactylus nitidus 
Lithobates neovolcanicus 
Ambystoma velasci 
Barisia ciliaris 
Phrynosoma orbiculare 
Sceloporus dugesii 
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e e e 


Distributional status 


Non-endemic (NE) Country Endemic (CE) Non-native (NN) 


SSE ees 
[Sen }_ pee 
Sceloporus exsul 

Sceloporus minor 

Xenosaurus mendozai 

Tantilla bocourti 

Trimorphodon tau 

Epictia wynni 

Storeria storerioides 
Thamnophis pulchrilatus 
Agkistrodon taylori 

Crotalus polystictus 

Crotalus totonacus 
Metlapilcoatlus borealis 


The 30 non-endemics not found in any of the three 
protected areas are: 


Anaxyrus speciosus 
Incilius nebulifer 
Eleutherodactylus guttilatus 
Dryophytes arenicolor 
Scinax staufferi 
Tlalocohyla picta 
Hypopachus variolosus 
Gerrhonotus infernalis 
Corytophanes hernandezii 
Laemanctus serratus 
Norops sericeus 
Sceloporus serrifer 
Scincella lateralis 
Drymarchon melanurus 
Leptophis mexicanus 
Masticophis mentovarius 
Mastigodryas melanolomus 
Spilotes pullatus 
Amastridium sapperi 
Coniophanes fissidens 
Coniophanes piceivittis 
Conophis lineatus 
Diadophis punctatus 
Imantodes gemmistratus 
Ninia diademata 

Rena dulcis 

Bothrops asper 

Crotalus scutulatus 
Kinosternon hirtipes 
Kinosternon scorpioides 
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The single non-native species not found in any of the 
three protected areas is: 


Virgotyphlops braminus 


Obviously, a principal conservation goal with respect to 
the herpetofauna of Querétaro is to document the presence 
of the 19 country endemics and 30 non-endemics, which 
collectively constitute 38.6% of the native herpetofauna 
of the state, in one or more of the existing protected 
areas. Additional protected areas should be established 
to accommodate the remaining unprotected species, most 
likely in the Sierra Madre Oriental portion of the state. 


Conclusions and Recommendations 
Conclusions 


A. Presently, the herpetofauna of Querétaro is comprised 
of 129 species, including 27 anurans, seven salamanders, 
92 squamates (32 lizards and 60 snakes), and three turtles. 


B. The numbers of species known from the three 
physiographic regions we recognize in Querétaro range 
from 43 species in the Transmexican Volcanic Belt to 
102 in the Sierra Madre Oriental, with an intermediate 
number of 64 in the Central Plateau. 


C. The numbers of species shared among physiographic 
regions range from 31 between the Transmexican 
Volcanic Belt and the Sierra Madre Oriental to 45 between 
the Central Plateau and the Sierra Madre Oriental. The 
Coefficient of Biogeographic Resemblance values 
range from 0.43 between the Transmexican Volcanic 
Belt and the Sierra Madre Oriental to 0.60 between the 
Central Plateau and the Transmexican Volcanic Belt. The 
UPGMA dendrogram indicates that the herpetofaunas of 
the Central Plateau and the Transmexican Volcanic Belt 
resemble one another more closely than either of them 
resembles the herpetofauna of the Sierra Madre Oriental. 


D. The level of herpetofaunal endemism in Querétaro 
is relatively high. Of the 127 species that constitute the 
native herpetofauna, 67 are endemic to the country of 
Mexico (52.8%). 


E. The distributional status of the species that comprise 
the Querétaro herpetofauna is as follows (in order of 
category size): country endemics (67, 51.9%); non- 
endemics (60, 46.5%); and non-natives (two, 1.6%). 


F. Regarding the distribution categories developed by 
Wilson et al. (2017), of the 60 non-endemic species, 26 
(43.3%) are in the MXUS category, with 17 (28.3%) in 
MXCA, nine (15.0%) in MXSA, five (8.3%) in USCA, 
and three (5.0%) in USSA. 
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G. The principal environmental threats are deforestation, 
livestock rearing, roads, polluted bodies of water, and 
myths and other cultural factors. 


H. To assess the conservation status of the Querétaro 
herpetofauna, we employed the SEMARNAT, IUCN, and 
EVS systems. As in prior MCS papers, we ascertained 
the SEMARNAT system to be of minimal value, since 
only 55 (43.3%) of the native species have been assessed 
using this system, including 19 classified as threatened 
(A) and 36 as special protection (Pr). A comparison of 
the SEMARNAT and _ distributional categorizations 
indicates that of the 20 threatened species, four are non- 
endemics and 16 are country endemics. Of the 37 special 
protection species, 15 are non-endemics and 22 are 
country endemics. 


I. Application of the IUCN conservation status evaluation 
system to the Querétaro herpetofauna demonstrates the 
following distribution (by category and proportion): CR 
(two of 127 native species, 1.6%); EN (four, 3.1%); VU 
(nine, 7.1%); NT (four, 3.1%); LC (87, 68.5%); DD (two, 
1.6%); and NE (19, 15.0%). 


J. Using the EVS system to assess the conservation 
status of the native herpetofauna of Querétaro, and 
allocating the resulting scores to the low, medium, and 
high vulnerability categories, the values increased from 
low (45) to medium (52), and then decreased to high 
(30). 


K. Comparing the IUCN and EVS conservation status 
categories for each individual species, 50.0% of the EVS 
high vulnerability species have been allocated to the 
three IUCN threat categories (CR, EN, or VU), while 
only 51.7% of the EVS low vulnerability species have 
been placed in the IUCN’s LC category. Thus, the results 
of these two systems do not correspond well with one 
another. 


L. Our assessment indicates that many of the 108 species 
in the IUCN’s DD, NE, and LC categories have been 
evaluated inadequately as compared to their respective 
EVS values; consequently, we recommend a reevaluation 
of these species to better determine their actual prospects 
for survival. 


M. Application of the Relative Herpetofaunal Priority 
(RHP) measure indicates that the most significant 
herpetofauna is that of the Sierra Madre Oriental 
physiographic region, given that it contains the highest 
numbers of country endemics and high vulnerability 
species. The rankings of the three physiographic regions 
in the state are the same based on either endemic or high 
vulnerability species, 1.e., in the order of SMO, CP, and 
TVB. 
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N. Three protected areas are designated in Querétaro, 
all at the federal level. Two of these areas lie within 
the Transmexican Volcanic Belt and one is in the Sierra 
Madre Oriental, of which the latter is the most important 
herpetofaunal region in the state. Regrettably, landowners 
occupy all three areas, and no herpetofaunal surveys 
are available for them, although management plans are 
available for all three. 


O. Of the 129 species comprising the Querétaro 
herpetofauna, 79 have been recorded from the three 
protected areas in the state collectively, including 18 
anurans, six salamanders, 54 squamates, and one turtle. 


P. Of the 50 species not currently known from any of the 
three protected areas, 19 are country endemics, 30 are 
non-endemics, and one is a non-native. 


Recommendations 


A. Given that no herpetofaunal surveys have been 
conducted in any of the three protected areas established 
in Querétaro, carrying out such surveys is the most basic 
concern for dealing with the conservation priorities 
for the state’s herpetofauna. However, the data we 
assembled indicate that 79 species have been found in 
the three protected areas, which is a good starting point 
for carrying out such surveys. 


B. Once these surveys have been conducted, we can 
determine the need and rationale for establishing 
additional protected areas within the state. At this point, 
our data indicate that 49 native species (19 country 
endemics and 30 non-endemics) have not been found in 
any of the three established protected areas; thus, these 
species need to be found in the three established protected 
areas or other areas that have not been designated as 
protected areas thus far. 


C. Once the entire herpetofauna of Querétaro has been 
documented to occur within the established protected 
areas (1.e., those established either currently or in the 
future), then monitoring programs should be developed 
to allow for the long-term protection of the entire 
herpetofauna of the state. 


D. These steps should be taken as soon as possible, 
considering that Querétaro is the 22™ most populous 
state in the country and the 7" most densely populated. 


“Even before the age of climate change, the literature 
of conservation furnished many metaphors to choose 
jfrom...the Gaia hypothesis... spaceship earth...the Pale 
Blue Dot...You can choose your metaphor. You cant 
choose the planet, which is the only one any of us will 
ever call home.” 


David Wallace-Wells (2019) 
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Abstract.—Anthropogenic changes to the environment (e.g., climate change, roads, habitat alteration) can 
cause Sex ratios in freshwater turtles to differ from the expected 1:1 ratio. We examined long-term trends in the 
sex ratios of five species of freshwater turtles in Dewart Lake in northern Indiana from 1979 to 2014. None of 
the species (Chelydra serpentina, Chrysemys picta, Graptemys geographica, Trachemys scripta elegans, and 
Sternotherus odoratus) showed significant temporal trends in sex ratio, and indeed they all showed remarkably 
consistent sex ratios (i.e., proportion of males). Overall, the mean proportion of males did not differ significantly 
from 0.5 in C. picta, G. geographica, or T. s. elegans, while both C. serpentina and S. odoratus had significantly 
male-biased sex ratios. Our failure to observe any changes in the sex ratios over the course of our study does 
not preclude an impact of the anthropogenic factors on these species of turtles, but suggests that they are not 
influencing sex ratios in a systematic way in Dewart Lake. 
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Introduction 


Animal populations are generally expected to have a 
1:1 sex ratio (Fisher 1958). However, anthropogenic 
factors can potentially cause the sex ratios in a variety 
of animals, including freshwater turtles, to vary from 
the expected 1:1 ratio (e.g., Smith and Iverson 2006; 
Lambertucci et al. 2012; Mondol et al. 2014; Sharma 
et al. 2014). One major factor that may alter the sex 
ratios in freshwater turtles with temperature-dependent 
sex determination is an increase in global temperatures 
due to anthropogenically-driven climate change (Butler 
2019; Janzen 1994; Schwanz et al. 2010). In addition, 
predicted increases in the variations of temperatures, 
including increases in the frequency and intensity of heat 
waves, will potentially have effects on freshwater turtle 
sex ratios (Carter et al. 2018; Neuwald and Valenzuela 
2011; Valenzuela et al. 2019). Changes in precipitation 
during the nesting period may also influence the sex 
ratios of freshwater turtles (LeBlanc and Wibbels 2009; 
Sifuentes-Romero et al. 2018). 

Beyond the effects of climate change, other 
anthropogenic changes in the environment can affect the 
sex ratios of freshwater turtles. Increased road mortality 
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of freshwater turtles, especially nesting females, can shift 
sex ratios making them more male-biased, sometimes 
extremely so (e.g., Aresco 2005; DeCatanzaro and 
Chow-Fraser 2010; Dupuis-Déormeaux et al. 2017, 
2019; Mali et al. 2013; Marchand and Litvaitis 2004; 
Nicholson et al. 2020; Piczak et al. 2019; Steen and 
Gibbs 2004; Winchell and Gibbs 2016). However, 
Dorland et al. (2014) and Vanek and Glowacki (2019) 
found no relationships between male-biased sex ratios 
in C. picta populations and either road density or other 
similar factors. Agriculture adjacent to ponds and lakes 
can alter freshwater turtle sex ratios by changing the 
thermal conditions of the nest (e.g., Freedberg et al. 
2011; Thompson et al. 2018). In addition, any alteration 
of vegetation cover and canopies at nesting sites can also 
impact the sex ratios of freshwater turtles (Freedberg and 
Bowne 2006; Marchand and Litvaitis 2004; Weisrock 
and Janzen 1999), as can changes in nesting substrate 
(e.g., sand, soil, gravel; Mitchell and Janzen 2019). 
Such changes in nest-site characteristics can occur when 
residential development occurs near freshwater turtle 
nesting areas (Kolbe and Janzen 2002), and urbanization 
has been shown to alter the thermal environments of 
nests leading to sex ratio biases (Bowne et al. 2018; 
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but see Vanek and Glowacki 2019). Thus, increasing 
anthropogenic influences on the environment can have 
significant impacts on the sex ratios of freshwater turtles. 
Such variations from a 1:1 sex ratio can have conservation 
implications for the long-term persistence of freshwater 
turtle populations (Gibbons et al. 2000). 

We examined the long-term trends in sex ratios of five 
species of freshwater turtles in Dewart Lake in northern 
Indiana in 30 different years within a 35-year study period 
(1979-2014). The species investigated were: Common 
Snapping Turtles (Chelydra serpentina), Painted Turtles 
(Chrysemys picta), Common Map Turtles (Graptemys 
geographica), Red-eared Sliders (7rachemys_ scripta 
elegans), and Common Musk Turtles (Sternotherus 
odoratus). Turtle populations have been studied in Dewart 
Lake for over 50 years (see Wade and Gifford 1965), 
and the populations of the different species of turtles 
have been under relatively regular study from 1979- 
2014 (C. serpentina. Smith and Iverson 2004; Smith et 
al. 2006, 2018; C. picta: Smith et al. 2017, 2018, 2020; 
G. geographica: Iverson et al. 2019; Smith et al. 2018, 
2020; S. odoratus: Smith and Iverson 2004; Smith et al. 
2006, 2017; and 7? s. elegans: Lewis et al. 2018; Smith 
et al. 2018, 2020). All of the species we examined have 
temperature-dependent sex determination (C. serpentina, 
Ewert et al. 2005; Janzen 1992; Rhen and Lang 1998: 
St. Juliana et al. 2004; C. picta, Ewert et al. 2004; Rhen 
and Lang 1998: Schwarzkopf and Brooks 1985, 1987; G. 
geographica, Bull 1985; Vogt and Bull 1984; S. odoratus, 
Ewert et al. 2004; and 7’ s. elegans, Carter et al. 2017; 
Dodd et al. 2006), and thus their sex ratios might be 
influenced by any changes tn environmental temperatures. 
There is evidence that the temperatures in Indiana have 
increased during the last quarter of the 20" century and 
the start of the 21 century, as has precipitation (Frederick 
2018). In addition, the local environment around Dewart 
Lake has changed over the study period, including 
increased residential development, shoreline modification 
(1.e., concrete seawalls, increased coverage by manicured 
lawns), and improved recreational facilities (e.g., paved 
boat launches), as well as increased road and boat traffic 
(J.B. Iverson, G.R. Smith, and J.E. Rettig, pers. obs.). 
These are all changes that could potentially alter the sex 
ratios of the freshwater turtles in Dewart Lake. 


Materials and Methods 


This study examined the freshwater turtle community in 
Station Bay (area = 4.5 ha) in the SE corner of Dewart 
Lake near Syracuse, Kosciosko County, Indiana, USA. 
Turtles were surveyed in late July to early August nearly 
annually from 1979 to 2014, for a total of 30 years of 
sampling effort. Prior to 1992, all trapping was carried 
out with aquatic wire funnel traps (n = 5 to 15; see 
Iverson 1979 for design). Starting in 1993, all trapping 
used 2.5 cm mesh fyke nets (n = 2 to 12) with 15 m (50’) 
leads between a pair of 90 cm (3’) hoop-diameter funnel 
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traps (although a single fyke net and multiple wire traps 
were used in the transitional year of 1992). Traps were 
checked every 2—3 hours from sunrise until 1-2 hours 
post-sunset. No turtles entered the traps during the night 
(Smith and Iverson 2004). All captured turtles were 
sexed, retained, and subsequently released at the end 
of each sampling period (2—5 days). Males were sexed 
based on the presence of the following secondary sex 
characteristics for each species (also see Ernst and Lovich 
2009): C. serpentina plastron shape, relative location 
of cloaca on tail (Mosimann and Bider 1960); C. picta 
relative tail size, elongated foreclaws (Smith et al. 2017); 
G. geographica tail length, placement of cloacal opening 
(Iverson et al. 2019); S. odoratus plastral size, tail size, 
scale patches on rear legs of males (Risley 1930); and 7. 
s. elegans elongated foreclaws, tail length (Readel et al. 
2008). Individuals without these characteristics, which 
were at or larger than the size at which male secondary 
sex characteristics would be apparent for each species, 
were considered females. By using these criteria, we were 
consistent across years in how the sex ratios were assessed 
relative to sexual maturity (see Lovich et al. 2014). In 
addition, for the four species which were permanently 
marked (C. serpentina, C. picta, G. geographica, and T. 
s. elegans), we were able to repeatedly sex individuals 
across years and confidently assign sex to individuals 
(and retrospectively adjust sex ratios as needed). 

The proportions of males were tallied for C. serpentina, 
C. picta, G. geographica, S. odoratus, and T. s. elegans 
relative to the total number of individuals that were 
sexed each year. Trapping techniques can potentially 
show biases in terms of observed sex ratios (Browne 
and Hecnar 2005; Ream and Ream 1966; Thomas 
et al. 1999; see also Gibbons 1970, 1990; Lindeman 
2013). However, since there is no reason to expect that 
any trapping bias would change over time, even if the 
observed sex ratios were potentially biased, they should 
allow for an assessment of the temporal changes in sex 
ratios. A trap type independent variable is included in the 
analyses to account for any possible effect of trap type on 
sex ratios. The observed sex ratios of trapped turtles can 
also vary seasonally due to sexual differences in activity 
(e.g., Moldowan et al. 2018; Vanek and Glowacki 2019). 
However, because trapping was always conducted during 
the same period each year (late July—early August), if 
such biases were present, they would have been constant 
throughout the study, and so any changes in observed sex 
ratios should reflect a change in the underlying sex ratio 
of the population. 

The mean proportion of males across all years was 
compared to the expected 0.5 using a one-sample f-test for 
each species to determine whether there was a consistent 
bias in the sex ratios. For each species, a generalized 
linear model with a binomial distribution and logit link 
was used to examine the effects of year, trap type (e.g., 
fyke net year versus non-fyke net year), and total number 
of individuals examined per year on the proportion of 
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males. It 1s worth noting that trap type was not included 
for C. serpentina because this species was never caught 
in the wire funnel traps. An a value of 0.05 was used 
to indicate significance, and data are reported as mean 
+ | S.E. The program JMP Pro 15.1 (SAS Institute Inc., 
Cary, North Carolina, USA) was used for all statistical 
analyses. 


Results 


Sample sizes. The overall mean (+ 1 S.E.) annual sample 
sizes (including only years when at least one individual 
was captured) were: 


°C. serpentina, 11.2+1.5 (n= 18 years; range: 1—23); 
°C. picta, 93.5 + 11.4 (n= 30 years; range: 13-259); 

° G. geographica, 12.5 + 1.7 (n= 28 years; range: 1-42); 
° S. odoratus, 79.0 + 9.2 (n= 30 years; range: 4-189); 

° T. s. elegans, 9.9 + 1.3 (n= 22 years; range: 1-18). 


Chelydraserpentina. The overall mean proportion of males 
by year was 0.66 + 0.04 (nm = 18), which is significantly 
different from 0.5 (¢,,=3.56, p= 0.0024). Using only years 
with > 10 individuals, the mean proportion of males was 
0.69 + 0.03 (n = 10), which is also significantly different 
from 0.5 (¢, = 5.86, p = 0.0002). The proportion of males 
was not affected by year, trap type, or the total number of 
individuals (Table 1). 


Chrysemys picta. The overall mean proportion of 
males by year was 0.47 + 0.02 (n = 30), which is not 
different from 0.5 (¢,, =-1.52, p = 0.14). Year, trap type, 
and the total number of individuals had no effect on the 
proportion of males found in a given year (Table 1). 


Graptemys geographica. The overall mean proportion 
of males by year was 0.53 + 0.04 (n = 28), which is not 
significantly different from 0.5 (t,, = 0.69, p = 0.50). The 
mean proportion of males in years with > 10 individuals 
was 0.46 + 0.04 (n = 14), which is also not significantly 
different from 0.5 (t,, = -0.94, p = 0.36). The proportion 
of males in a year was not affected by year, trap type, or 
the total number of individuals (Table 1). 


Sternotherus odoratus. The mean proportion of males 
by year was 0.66 + 0.01 (7 = 30), which is significantly 


different from 0.5 (¢,, = 12.66, p < 0.0001). The mean 
proportion of males in years with > 10 individuals was 
0.65 + 0.012 (n = 28), which is significantly different 
from 0.5 (¢,, = 12.33, p < 0.0001). The proportion of 
male S. odoratus observed in a year was not affected by 
year, trap type, or the total number of individuals caught 
(Table 1). 


Trachemys scripta elegans. The mean proportion of 
males by year was 0.44 + 0.04 (n = 22), which is not 
significantly different from 0.5 (¢,, = -1.38, p = 0.18). If 
only years with > 10 individuals are considered, the mean 
proportion of males was 0.47 + 0.06 (n = 10), which was 
not significantly different from 0.5 (¢, = -0.57, p = 0.58). 
Year, trap type, and total number of individuals had no 
significant effects on the proportion of male 7! s. elegans 
in a given year (Table 1). 


Discussion 


Over the course of our study (1979-2014), none of the 
five species (C. serpentina, C. picta, G. geographica, 
S. odoratus, and T: s. elegans) showed a significant 
temporal trend in sex ratio, and indeed they each showed 
remarkably consistent sex ratios (1.e., proportion of 
males) across the study period (Fig. 1). A previous 
analysis of the temporal variation in the sex ratio in 
S. odoratus in Dewart Lake also found a consistent 
male-bias from 1979-2000 (Smith and Iverson 2002). 
Previous studies of sex ratio trends in freshwater turtles 
have often reported shifts in the sex ratios, but they have 
ascribed these shifts to a variety of reasons. For example, 
there has been a significant trend for increased male 
bias in the sex ratio of freshwater turtles in the United 
States from 1928 to 2003, which has been ascribed to 
increases in road density (Gibbs and Steen 2005; see also 
citations in the Introduction related to road mortality). 
In addition, Tucker et al. (2008) found that the sex ratio 
of 7. s. elegans became more male biased over their 13- 
year study, probably due to the warming trends during 
the course of their study leading to an expansion of the 
nesting period to include additional clutches laid during 
the part of the season that produces males. Jones (2017) 
found shifts from a male-biased sex ratio before 2000 to 
unbiased sex ratios after 2000 in Graptemys oculifera, 


Table 1. Results of generalized linear models examining the effects of year, trap type (fyke net versus non-fyke net years), and 
number of individual turtles examined on the proportion of males observed in a given year for each of the five species of freshwater 
turtles from Dewart Lake. n is the number of years with data for each species. 


Species n Intercept Year Trap type Aaa ae, es 
Chelydra serpentina 18 —36.1 0.018 — 0.05 0.78 
Chrysemys picta 30 -18.3 0.009 —0,25 0.001 0.99 
Graptemys geographica 28 —16.6 0.008 —0.12 —0.03 0.92 
Sternotherus odoratus 30 —16.2 0.008 —0.06 —0.002 0.998 
Trachemys scripta elegans 22 —90.0 0.045 0.49 —0.02 0.67 
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Fig. 1. Proportions of males for (A) Chelydra serpentina, (B) Chrysemys picta, (C) Graptemys geographica, (D) Sternotherus 
odoratus, and (E) Trachemys scripta elegans over the course of the 37-year study in Dewart Lake, Indiana, USA. Open circles 
indicate years when < 10 individuals were captured, and closed circles indicate years when > 10 individuals were captured. The 
vertical dashed lines indicate the transition from non-fyke net years to fyke net years, and the horizontal dashed lines represent a 


1:1 sex ratio (1.e., 50% males). 


possibly due to greater predation on the males, which 
are smaller than the females. The observed sex ratio in 
T! scripta in South Carolina varied among years (from 
the late 1960s to the mid-1980s) but with no significant 
directional temporal trend (Gibbons 1990). A study in 
Spain found that the sex ratio of Emys orbicularis was 
fairly constant from 1997 to 2018 in one region, but 
showed a recent increase in male bias in another region 
(Escoriza et al. 2020). The tendency in observed shifts 
in turtle sex ratios that have been reported in previously 
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published studies may be a result of publication bias, 
with studies showing no change in sex ratios simply not 
being published. The paucity of long-term studies on 
turtle populations also likely contributes to uncertainty 
regarding how the sex ratios are changing (or not) in 
turtle populations. 

Overall, the mean proportion of males in this study 
did not differ significantly from 0.5 (1.e., on average it 
was not significantly different from a 1:1 sex ratio) in 
C. picta, G. geographica, and T: s. elegans. In contrast, 
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Table 2. Populations of the turtle species found in Dewart Lake (Indiana, USA) that have been reported to exhibit biased or unbiased 


observed sex ratios by US state or Canadian province. 


Male-biased 


Minnesota (DonnerWright et 
al. 1999) 


Missouri (Glorioso et al. 2010) 


Species 


Chelydra serpentina 


North Carolina (Hanscom et 
al. 2020) 


Ontario (Galbraith et al. 1988) 


Chrysemys picta Illinois (Refsnider et al. 2014; 


Vanek and Glowacki 2019) 


Minnesota/Wisconsin 
(DonnerWright et al. 1999) 


New York (Bayless 1975) 


Ontario (DeCatanzaro and 
Chow-Fraser 2010) 


Quebec (Dupuis-Désmoreaux 
et al. 2017) 


Wisconsin (Ream and Ream 
1966) 


Pennsylvania (Pluto and Bellis 
1986) 


Graptemys geographica 


(also reviewed in Lindeman 
2013, Table 4.22) Quebec (Gordon and 
MacCulloch 1980; Flaherty 


1982) 


Wisconsin (Vogt 1980) 


Sternotherus odoratus Florida (Aresco 2005) 


Indiana (Smith and Iverson 
2002) 


Ontario (Edmonds and Brooks 
1996) 


Texas (Swannack and Rose 
2003; Munscher et al. 
2019) 


Virginia (Holinka et al. 2003) 
Florida (Aresco 2005) 


Oklahoma (Hays and McBee 
2010) 


Trachemys scripta elegans 


both C. serpentina and S. odoratus had significantly 
male-biased sex ratios in Dewart Lake. The observed 
sex ratios for these five species of freshwater turtles in 
Dewart Lake are within the variations in sex ratios found 
in previous studies conducted throughout the United 
States and Canada, in which each of the species had 
populations with biased and unbiased sex ratios (Table 
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Unbiased 


Florida (Aresco and Gunzburger 2007; 
Johnston et al. 2008) 


Illinois (Cagle 1942) 
Michigan (Lagler and Applegate 1943) 


Ontario (Galbraith et al. 1988) 

Quebec (Mosimann and Bider 1960) 
Tennessee (Froese and Burghardt 1975) 
West Virginia (Major 1975) 

Michigan (Gibbons 1968) 


Washington (Lindeman 1996) 
Minnesota (Refsnider et al. 2014) 


Missouri (Glorioso et al. 2010) 


New Mexico (Refsnider et al. 2014) 


New York (Zweifel 1989) 


Ontario (DeCatanzaro and Chow-Fraser 
2010) 


Illinois (Anderson et al. 2002) 
Indiana (Conner et al. 2005) 


Minnesota/Wisconsin (DonnerWright et 
al. 1999) 


Missouri (Pitt and Nickerson 2012) 


Ontario (Barrett Beehler 2007; Bulté and 
Blouin-Demers 2009) 
Florida (Aresco 2005) 


Missouri (Glorioso et al. 2010) 


Various locations pooled (Tinkle 1961) 


Florida (Aresco 2005) 
Illinois (Cagle 1950) 


Missouri (Glorioso et al. 2010) 
Oklahoma (Hays and McBee 2010) 
Texas (Munscher et al. 2019) 


Female-biased 


Idaho (Lindeman 1996) 


Illinois (Cagle 1942) 
Michigan (Sexton 1959) 


Ontario (Balcombe and 
Licht 1987) 


Ohio (Tran et al. 2007) 


Ontario (Browne and 
Hecnar 2007; Bennett et 
al. 2009) 


Alabama (Dodd 1989) 
Illinois (Cagle 1942) 


Michigan (Risley 1933) 


Illinois (Cagle 1942) 


North Carolina (Hanscom et 
al. 2020) 


2). In at least some populations, there is evidence that 
the observed sex ratio bias is real and not due to trapping 
bias (e.g., Swannack and Rose 2003). It is not clear why 
there is variation in the observed sex ratios among the 
freshwater turtle species in Dewart Lake; however, given 
the consistency of the ratios across our study period, 
any explanation for them must account for the relatively 
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long-term difference rather than one that has changed 
just in recent decades. Similarly, it is not clear why there 
are differences in sex ratios among populations in cases 
when there are no obvious anthropogenic factors that 
could potentially be driving them. 


Conclusions 


In conclusion, many turtle populations and species are in 
decline and at risk due to anthropogenic alterations of the 
environment (Lovich et al. 2018). Our failure to observe 
changes in sex ratios over the course of this study is also 
consistent with our failure to observe any temporal trends 
in the frequency of shell anomalies in this community 
of turtles over the study period (Smith et al. 2020). The 
fact that we have found no changes in the sex ratios 
or frequencies of anomalies in most of the species in 
Dewart Lake does not preclude any other impacts of the 
anthropogenic factors on these populations. For example, 
road mortality may not be as sex-biased towards females 
as has previously been assumed (Carstairs et al. 2018). 
In addition, we have observed temporal shifts in the 
anthropogenic pressures in this community of turtles 
(e.g., changes in injuries due to boat collisions coinciding 
with changes in recreational boat use due to economic 
factors; Smith et al. 2006, 2018). Indeed, there is some 
evidence for a decline in C. picta in Dewart Lake (Smith 
et al. 2006). Thus, the factors that may contribute to turtle 
declines are likely not universal, nor do they affect all 
populations or species similarly, suggesting that we must 
continue to seek explanations for the observed declines 
in some turtle populations, but also explanations for 
why other populations and species do not show such 
effects. In other words, any homogeneity of response 
to anthropogenic factors across species of freshwater 
turtles, or even populations of the same species, should 
not be assumed. 


Tribute to Joseph Mitchell. In June of 1979, Joe Mitchell 
published a request for information on cannibalism in 
reptiles in Herpetological Review 10(2): 57 (eventually 
published as an SSAR Herpetology Circular in 1986). 
In response, on 23 July 1979, John Iverson mailed Joe 
one of his papers demonstrating cannibalism in Cyclura. 
Joe’s kind response dated 1 August 1979 informed 
John of his recent initiation of a long-term field study 
of the turtles in sites near Richmond, Virginia, and 
that this work would form the basis of his dissertation 
through the University of Tennessee. The next week 
they met for the first time at the annual herpetological 
meetings in Knoxville, and based on their shared interest 
in Musk Turtles (Sternotherus odoratus), began a life- 
long friendship. Over the years, they corresponded 
regularly and co-authored a piece on the importance 
of herpetological societies and graduate education for 
supporting education in herpetology in 1998, and a note 
on kyphosis in Map Turtles in 2019. Joe’s influence on 
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and collegiality with John Iverson and so many other 
herpetologists will remain a huge legacy, along with his 
over 500 publications. Joe is sorely missed, especially by 
those of us who call ourselves natural historians. 
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Abstract.—Mountain cloud forests (MCF) are one of the most diverse ecosystems due to their natural 
environmental heterogeneity and distribution. This ecosystem exhibits a high beta diversity at regional or local 
levels. In this study, the amphibian species diversity and assemblage structure were examined in a mountain 
cloud forest at El Triunfo Biosphere Reserve (ETBR) in southeastern Mexico. Ninety-six plots were sampled 
in eight sites, distributed in two core zones of protected mountain cloud forest. The amphibian species 
diversity, assemblage structure, and functional groups were analyzed and compared between the two zones; 
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is also one of the most threatened tropical ecosystems 
globally (Aldrich et al. 1998; Gentry 1995; Hamilton et 
al. 1995; Karger et al. 2021). 


Introduction 


The montane cloud forests (MCFs) are characterized by 
cloudy, wet, and difficult terrain, and are generally located 
at the mid-elevations of tropical mountain systems 
(Bruijnzeel et al. 2011; Scatena et al. 2011). MCFs are 
among the most biodiverse ecosystems worldwide and 
are characterized by high levels of endemism (Karger 
et al. 2021; Williams-Linera 1994, 1997). However, it 
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In Mexico, the MCF is represented by small 
and discontinuous remnants, occupying less than 
1% of the national territory, of which only 12% are 
protected (Ponce-Reyes et al. 2012; Rzedowski 1996). 
Nevertheless, Mexican MCFs are considered the most 
diverse per unit area, containing 10% of the native flora 
(Rzedowski 1998) and 12% of the terrestrial vertebrates 
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(Flores-Villela and Gerez 1994) in Mexico. Due to 
the high environmental heterogeneity and singular 
biogeographic history (Campbell 1999; Challenger 1998; 
Churchill et al. 1995; Rzedowski 1998, 2006), the MCF 
ecosystem exhibits high beta diversity levels at regional 
(Jankowski et al. 2009) and local scales (1.e., in the same 
patch of the forest) (Ledo et al. 2009; Williams-Linera 
2002). This pattern is especially true for taxa with low 
vagility and those sensitive to environmental changes 
such as amphibians (Diaz-Garcia et al. 2017; Hilman et 
al. 2014; Wake and Vredenburg 2008). 

The El Triunfo Biosphere Reserve (ETBR) was 
decreed a protected natural area 31 years ago, and the 
process of investigating its total biodiversity is still in 
progress. The ETBR is a protected natural area located 
in the central part of the Sierra Madre de Chiapas 
physiographic region in Chiapas, in southern Mexico. 
It covers an area of approximately 119,177 ha and 
contains seven of the ten vegetation types identified for 
Mexico by Rzedowski (2006). Of the total area, 78% 
(93,458 ha) corresponds to the buffer zone, including 43 
ejidos (land farmed communally), 162 privately owned 
lands, and one town. The remaining 22% (25,718 ha) is 
composed of federal lands distributed in five polygons or 
core zones: El Triunfo, Ovando, El Quetzal, El Venado, 
and La Angostura (Carabias-Lilo 1998; Enriquez 2019). 
Notably, the ETBR has the most extensive, continuous 
remnant of protected MCF in Mexico (Lopez-Arce et 
al. 2019; Ponce-Reyes et al. 2012), and is considered 
the most diverse MCF in the country (Lopez-Arce et al. 
2019; Pérez-Farrera 2004). Regarding amphibians, the 
few studies performed in the ETBR reported dissimilar 
figures of total species richness. Espinoza et al. (1999) 
recorded 18 species of amphibians, while Mufioz-Alonso 
et al. (2000) reported a total richness of 25 species which 
increased to 29 species in a subsequent survey (Mufioz- 
Alonso et al. 2004). Reynoso et al. (2011) reviewed all 
the lists and agreed with the total proposed by Mufioz- 
Alonso et al. (2000). 

In this study, two of the five core zones of the 
mountain cloud forest were sampled. The Triunfo Core 
Zone (TCZ) is the largest and most studied, with the 
easiest access and the best infrastructure. The TCZ is 
also the most turistic and the most protected core zone 
in the reserve. The Quetzal Core Zone (QCZ) is the 
smallest core zone and the closest to the TCZ. Both 
zones have large areas of MCF and are considered 
to represent the same ecosystem (Rzedowski 2006). 
Given the intrinsic environmental heterogeneity of 
mountain cloud forests in general, one would expect 
this heterogeneity to translate into differences in the 
characteristics of amphibian communities that inhabit 
the forest, such as species diversity, assemblage 
structure and composition, and their functional groups. 
In this sense, the characteristics of the cloud forest 
in ETBR (since it 1s well-conserved and extensive) 
represent a great opportunity to study the relevance of 
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the environmental heterogeneity of a cloud forest on 
amphibian communities. 

Therefore, this study aims to understand the role of 
the environmental heterogeneity within a well-preserved 
and extensive cloud forest on the diversity and structure 
of the amphibian species assemblages. This assessment 
consists of five components: (1) examine and compare 
the amphibian species diversity and abundance between 
two core zones of undisturbed old-forests within the 
ETBR, (2) analyze the structure of species assemblages, 
(3) determine and compare the functional groups that 
inhabit the two core zones, (4) examine the influences of 
key environmental variables on the amphibian species 
diversity, and (5) review the conservation status of the 
species recorded in this study. This study is the first in 
Mexico, and perhaps in Mesoamerica, that evaluates 
and describes the amphibian assemblage in a large and 
well-preserved mountain cloud forest. 


Methods 


Study area. The study was conducted in two core 
zones of a well-preserved MCF, El Triunfo (TCZ) and 
El Quetzal (QCZ), within the ETBR (15°09’-15°57’N, 
92°34’—93°12’W). The TCZ and QCZ are neighboring 
core zones with similar altitudes, but they have different 
sizes and topographies (Fig. 1). The TCZ 1s the 
largest core zone in the ETBR at 11,595 ha. Its MCF 
is located topographically between 1,900 and 2,100 m 
asl, in the form of a platform. Its annual precipitation 
is approximately 3,044 mm, and the average annual 
temperature is 20 °C (Martinez-Camilo et al. 2012). 
The QCZ is the smallest core zone, covering 1,193 ha, 
with an altitudinal range between 1,200 and 2,500 m 
asl. Its MCF is located between 1,850 and 2,250 m asl. 
The topography is mainly mountain peaks with steep 
slopes. The annual precipitation is approximately 2,152 
mm, and the average annual temperature 1s 21.2 °C 
(Martinez-Meléndez et al. 2008). 


Sampling protocol. Between 2014 and 2016, a total of 
six field trips were conducted in three different seasons 
(two samplings per season): Dry (February—May), 
Warm-wet (June—September), and Cold—wet (October— 
December). To represent the local environmental 
heterogeneity in each core zone, four sites separated by 
at least 500 m were selected. Within each site, 12 plots 
(50 x 50 m?) were established, for a total of 48 plots per 
core zone (Fig. 1). 

To include the peak hours of diurnal and nocturnal 
activity (Jones 1986), each plot was sampled by four 
people for two hours during the day (1100 to 1300 h) 
and two hours during the night (2100 to 2300 h). Thus, 
the sampling effort represented a total of 768 person/h 
per core zone. Specimens were identified to species 
using standard field guides (Campbell 1998; Kohler 
2011; Lee 1996). 
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Fig. 1. Location of the two sampled zones, El Triunfo core zone [TCZ] (1) and the El Quetzal core zone [QCZ] (3), in the El Triunfo 
Biosphere Reserve (ETBR), Sierra Madre de Chiapas, Mexico, and illustration of the sample design (core zones, sites, and plots). 


Two complementary sampling methods were used 
to adequately cover the sample areas (Ribeiro-Junior 
et al. 2008). First, amphibians were collected from all 
possible microhabitats during direct searches (visual and 
auditory) using a time-constrained technique (Crump 
and Scott 1994). The second method was canopy 
sampling of two trees in each plot with characteristics 
that enable the presence of amphibians (1.e., presence of 
bromeliads, moss, and tree holes) (Vonesh et al. 2009). 
The selected trees had a height of at least 20 m and a 
diameter at breast height larger than 3 m. The canopy 
was sampled using the single rope technique (Perry 
1978; Perry and Williams 1981), which consisted of 
the assurance of a static rope, in different branches. 
All potential microhabitats in the trees were searched 
by four people, two in the understory and two in the 
canopy, in each plot. To minimize disturbance to the 
microhabitats, all surface cover objects were returned 
to their original position (Vonesh et al. 2009). 


Functional groups. To establish functional groups 
within the two core zones, we selected seven functional 
traits (body size, toe webbing, mouth width, leg 
length, dorsum skin thickness/type, respiration type, 
and fecundation type) and eight life-history traits 
(male reproductive display for female response, 
male reproductive display site, fecundation site, egg- 
laying site, parental care of clutches, daily activity, 
habitat during non-breeding season, and the number 
of habitats used in non-breeding season). These 
morphological and physiological characteristics were 
measured at individual levels without reference to the 


Amphib. Reptile Conserv. 


environment or any other level of organization, and 
they are related to individual growth, reproduction, 
and species survival (Duellman and Trueb 1994; 
Wells 2007). Additionally, they explain amphibian 
functions within the ecosystem (Cortés-Gomez et al. 
2015). Trait categories were established based on the 
published literature (AmphibiaWeb 2021; Duellman 
2013; Raffaelli 2014), complemented with data from 
our field surveys (Supplemental Table 1). To identify 
functional groups (FG) between species, a functional 
dendrogram was constructed based on a species trait 
matrix using Euclidean distance and unweighted pair- 
group arithmetic average clustering (Bihn et al. 2010). 
The statistical significance of the observed FG between 
amphibian species was assessed with a Euclidean 
distance matrix and a similarity test (ANOSIM; 999 
permutations). 


Environmental conditions. Five environmental 
variables for each plot (temperature, humidity, 
elevation, canopy cover, and distance to the closest 
stream or pond) and five variables where the individuals 
were observed (temperature, humidity, percentages of 
substrate [leaf litter, rock, or herbaceous], leaf litter 
depth, and understory cover) were quantified (Urbina- 
Cardona et al. 2006). The elevation was measured with 
an altimeter (Garmin Etrex 30) by averaging the values 
obtained from three randomly chosen places on the 
plot. The canopy cover was obtained by analyzing three 
pictures in each plot: one in the center, and two in the 
opposite vertices of the plot. The pictures were taken 
on high luminosity days with a 180° hemispherical 
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lens at a height of 1.5 m. The percentage of canopy 
cover was calculated with the software Gap Light 
Analyzer (Frazer et al. 1999). The presence of streams 
and ponds or the distance from the nearest water body 
were measured from the center of each plot. The 
temperature and relative humidity were measured at 
three points in the plot with three HOBO U23 Pro v2 
data loggers (Onset, Bourne, Massachusetts, USA) 
during the entire sampling day. The temperature and 
humidity were recorded with a thermo-hygrometer after 
20 s of exposure. The leaf litter depth was measured 
by introducing a graduated ruler into the litter on the 
soil. The relative understory density was obtained by 
averaging the number of contacts of the vegetation 
(branches, stumps, and leaves) with a pole (3.5 cm 
in diameter and 1.5 m in height) placed vertically at 
five random points in the plot (Urbina-Cardona and 
Londofio 2003; Urbina-Cardona et al. 2006). Finally, 
the substrate components of herbaceous, leaf litter, and 
soil cover were estimated using a 0.3 x 0.3 m quadrant 
divided into four quadrants with a nylon string (Urbina- 
Cardona et al. 2006) (Supplemental Table 2). 


Data analyses. To ensure that species diversity was 
adequately assessed at each site and to ensure valid 
comparisons of Hill’s Numbers (see below) between core 
zones, the Sample Coverage Estimator was calculated 
for each core zone (Chao and Jost 2012; Pineda and 
Moreno 2015) using iNext software (Hsieh et al. 2016). 
This coverage estimator is sensitive to species with one 
(singletons) or two (doubletons) individuals (Chao 
and Jost 2012). For each site, ecological diversity was 
measured with Hill’s Numbers (Chao et al. 2006, 2014; 
Tuomisto 2010), which show the effective number of 
species, and are useful for assessing patterns of species 
diversity by giving different weights to species relative 
abundances (Chao et al. 2006, 2014). In particular, 
we considered Hill’s Numbers of order 0 (°D, species 
richness), order 1 ('D, Exponential Shannon Entropy), 
and order 2 (7D, Inverse Simpson). °D is not sensitive 
to species relative abundance, giving the same weight 
to all species, and denotes the number of species. 'D 
is interpreted as the number of common species within 
the community. 7D indicates dominant species and is 
therefore interpreted as the number of very abundant 
species within the community (Chao et al. 2006). 
For the three diversity metrics, the SpadeR Software 
was used to randomize 100 times. To compare the 'D 
and 7D, we extrapolated the abundance to the double 
number of individuals from the core zones with the 
lowest number (Chao and Elsensohn 2010; Chao and 
Jost 2015; Colwell et al. 2012; Hsieh et al. 2016). 
Generalized Linear Models (GLM) were used to assess 
differences in the community attributes between the two 
core zones, with a fixed Gaussian Error Distribution 
for °D, 'D, and 7D. In case of counting data (°D and 
number of individuals), a Poisson and Quasipoisson 
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error distribution was fixed. 

Differences in the assemblage structure were 
assessed by constructing Species-rank Curves (SRCs) 
for each core zone. The relative abundance of each 
species (P47) was plotted on a logarithmic scale against 
the Species Rank (SRi, species ordered from the most 
to the least abundant; Magurran 2004). The slope of 
the SRC represents the evenness in abundance among 
species within an assemblage. 

Multidimensional Scaling (MDS) based on a Chao 
Distance Matrix was used to examine the overall 
dissimilarity of the amphibian community structures 
between the two core zones. MDS was completed 
using the Function Meta MDS in the Vegan package 
for version R 1.3 (R Core Development Team 2004). 
Using this matrix, a Non-parametric Two-way Analysis 
of Similarity (ANOSIM) was performed to test the 
hypotheses regarding the spatial differences in the 
amphibian composition. The ANOSIM procedure is a 
permutation-based test that can be applied to simple 
nested designs (e.g., core zones within natural protected 
areas) to detect differences between groups (Clarke and 
Gorley 2001). 

To determine the relationships between various 
environmental factors and species distribution, a 
Pearson Coefficient was used to identify all non- 
correlated variables. All 10 measured variables 
achieved normality and homoscedasticity of variance. 
With the remaining variables from the Pearson 
Correlation Coefficient, a Canonical Correspondence 
Analysis (CCA) was used to detect the relationships 
between species distribution and microhabitat variable 
responses to environmental gradients (Urbina-Cardona 
et al. 2006). In CCA, statistical significance indicates 
that the observed associations between species and 
environmental variables are not random (Ter Braak 
1987; Kent and Coker 1992). 

To identify differences in environmental conditions 
between the two core zones, Generalized Linear Models 
(GLM) were used with fixed Quasibinomial Error 
Distribution canopy cover and soil cover (percentage) 
and Gaussian Error Distribution for data with a normal 
distribution. Principal Component Analysis (PCA) 
was also performed using the environmental variable 
averages of the 12 plots per site (e.g., distance from the 
nearest water body, canopy cover, understory density, 
plot temperature, and humidity). 

Finally, to assess the effect of environmental variables 
on assemblage structure, a Mantel test was performed 
(Sokal and Rohlf 1994). The environmental matrix was 
based on the first two axes of the PCA (per site), and the 
amphibian Assemblage Structure Matrix was based on 
the relative abundance of species per site. The Mantel 
test was performed with the R-package statistical 
software (Legendre and Vaudor 1991), and significance 
was assessed using a Monte-Carlo procedure with 999 
permutations (Mantel test, p<0.05, 999 permutations). 
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For CCA, PCA, and Mantel tests, the Vegan package of 
R software was used (Oksanen et al. 2016). 


Results 


Species diversity and abundance. The surveys of the 
96 plots yielded a total of 306 amphibian individuals, 
representing 14 species—10 frogs and four salamanders 
(Table 1). The QCZ had the highest numbers, with 
194 individuals belonging to nine species (three 
salamander and six anuran species), while the TCZ 
surveys yielded 112 individuals representing 11 species 
(three salamander and eight anuran species). Of the 14 
amphibian species, only six were present in both core 
zones, whereas five were exclusive for the TCZ and 
three for the QCZ. 

The sample coverage values for TCZ and QCZ 
were 0.96 (40.03 IC 95%) and 0.99 (+£0.01 IC 95%), 
respectively. The QCZ had almost twice as many 
individuals as TCZ (194 vs. 112, Fig. 2a). Although 
all the taxonomic diversity metrics (number of species, 
number of common species, and number of dominant 
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Fig. 2. Box plots of amphibian species diversity in the El Triunfo Biosphere Reserve (ETBR), Chiapas, Mexico, showing the median 
(solid line), 25" and 75" percentiles (boundaries of boxes), and minimum and maximum (lines). (a) Number of individuals, (b) 
Species richness (°D), (¢) Common species ('D), and (d) Dominant species (7D). 
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species) were higher in TCZ than QCZ, the GLM did 
not present statistical differences between the two core 
zones (Fig. 2b—d). 


Assemblage structure. Craugastor matudai was the 
dominant species in both core zones (52 individuals 
in TCZ and 64 in QCZ), the second and third most 
dominant species in the QCZ were the salamander 
Bolitoglossa_ occidentalis (49 individuals and not 
detected in TCZ), and the treefrog Plectrohyla matudai 
(47 individuals); while, Bolitoglossa franklini (37 
individuals) was the second most dominant species in the 
TCZ. The TCZ had five species with a single individual: 
Bolitoglossa flavimembris, Dendrotriton xolocalcae, 
Exerodonta sumichrasti, Duellmanohyla schmidtorum, 
and Plectrohyla lacertosa, while the QCZ had only one 
(Lithobates maculatus) (Fig. 3a). 

Nonmetric Multidimensional Scaling closely grouped 
the TCZ sites in MDS axis-1, which means that the 
community structure and species composition did not 
vary between sites, while QCZ sites were over dispersed 
along the two axes (Fig. 3b). It should be noted that along 
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MDS axis-1, one QCZ site (QCZ-1) was closer to the 
TCZ sites than to the remaining QCZ sites, resulting in 
no statistical differences (ANOSIM) between the core 
zones. Notably, the QCZ-1 site was the only one where 
Bolitoglossa franklini was recorded (Table 1). 


Functional groups. According to the Euclidean 
distances, the functional dendrogram presented five 
functional groups (Fig. 3c), and the similarity test 
(ANOSIM) indicated significant differences among the 
groups (Rstatistic = 0.99). The 14 species were grouped 
in relation to the values of the traits shown in the Principal 
Component Analysis, which explained 73% of the 
variance (Pcl 48.08% and Pc2 25.12%, Supplemental 
Fig. 1). Five groups were present in the QCZ, while the 
TCZ had only four groups. Anurans and salamanders 
(all plethodontids) were separated by mouth width and 
respiration type. The first anuran group (FG1) included 
only the frog L. maculatus, which was grouped by the 
leg length trait; the second group (FG2) included the 
craugastorid frogs (C. matudai and C. stuarti), which 
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were grouped by parental care; and the third group (FG3) 
included seven hylid species (P/. matudai, PI. hartwegi, PI. 
lacertosa, Pl. sagorum, D. schmidtorum, E. sumichrasti, 
and Pt. euthysanota), which were grouped by laying site 
and leg length traits. The fourth and fifth groups included 
the Plethodontidae species, which were grouped by 
respiration type. The fourth group (FG4) included only 
the salamander D. xolocalcae, which was grouped by its 
arboreal habit trait. Finally, the fifth group (FG5) included 
three Bolitoglossa species (B. occidentalis, B. franklini, 
and B. flavimembris), which were grouped by the male 
reproductive display and fertilization site traits. 


Relationships between environmental conditions 
and amphibian species. In the PCA, the two main axes 
explained 78% of the total environmental variation. 
PCA axis-1 explained 48%, and axis-2 explained 30% 
(Fig. 4a). The four sites in the TCZ presented higher 
environmental similarity related to conditions of higher 
humidity and canopy cover. In contrast, the four sites in 
the QCZ presented higher environmental heterogeneity. 
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Fig. 3. (a) Rank-abundance Curves for the El Triunfo core zone [TCZ] and Quetzal core zone [QCZ] in the El Triunfo 
Biosphere Reserve. Letters on the Rank-abundance Curves correspond to Crm (C. matudai), Crs (C. stuarti), Pll (PI. lacertosa), 
Plh (PL. hartwegii), Plm (PI. matudai), P\s (PI. sagorum), Dus (D. schmidtorum), Pte (Pt. euthysanota), Exs (E. sumichrasti), 
Lim (LZ. maculatus), Bof (B. franklini), Boo (B. occidentalis), Bofl (B. flavimembris), and Dex (D. xolocalcae). (b) Nonmetric 
multidimensional scaling of the eight sites within the core zones in the ETBR. Blue triangles: TCZ sites, pink circles: QCZ sites. 
(c) Dendrogram of functional groups of the El Triunfo core zone amphibian species, using Euclidian Distance, and tested functional 
groups by ANOSIM are highlighted in different colors (FG1: green; FG2: brown; FG3: blue; FG4: red, and FG5: yellow). 
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Table 1. Amphibian species recorded in two core zones, number of individuals per site, and IUCN and NOM-059 categories in El 
Triunfo Biosphere Reserve, Mexico. Letters in the Code column are species codes for the Rank-abundance curves shown in Fig. 3. 


Species 


ANURA 


Craugastoridae 


Craugastor 
matudai 


Craugastor 
Stuarti 


Hylidae 


Plectrohyla 
lacertosa 


Plectrohyla 
hartwegi 


Plectrohyla 
matudai 


Plectrohyla 
sagorum 


Duellmanohyla 
schmidtorum 


Ptychohyla 
euthysanota 


Exerodonta 
sumichrasti 


Ranidae 


Lithobates 
maculatus 


CAUDATA 


Plethodontidae 


Bolitoglossa 
franklini 


Bolitoglossa 
occidentalis 


Bolitoglossa 
flavimembris 


Dendrotriton 
xolocalcae 


Total number of 
individuals 
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Code 


Crm 


Crs 


Pll 


Plh 


Plm 


Pls 


Dus 


Pte 


Exs 


Lim 


Bof 


Boo 


Bofl 


Dex 


QCZ- QCZ- QCZ- 
1 2 3 


28 


Quetzal core zone 


64 


23 


36 


66 


QCZ- 
4 


26 


36 


QCZ 
total 


64 


14 


49 


194 


TCZ- 
1 


22 


37 


209 


El Triunfo core zone 


TCZ- 
Z 


14 


26 


TCZ- 
3 


22 


TCZ- 
4 


15: 


27 


TCZ 
total 


52 


37 


112 


IUCN 


Endangered 


Vulnerable 


Endangered 


Endangered 


Least 
Concern 


Vulnerable 


Near 
Threatened 


Least 
Concern 


Least 
Concern 


Least 
Concern 


Vulnerable 


Least 
Concern 


Endangered 


Vulnerable 


NOM-059 


Special 
protection 


Special 
protection 


Special 
protection 
Special 
protection 


Not evaluated 


Not evaluated 


Special 
protection 


Threatened 


Not evaluated 


Not evaluated 


Special 
protection 
Special 
protection 
Special 
protection 
Special 
protection 
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Fig. 4. (a) Principal Component Analysis, grouping the eight sites present in the core zones according to eight environmental 
variables taken in each site. Blue triangles: TCZ (El Triunfo core zone) sites; pink circles: QCZ (El Quetzal core zone) site. (b) Eight 
environmental variables measured in the eight sites (four per core zone). Median (solid line), 25" and 75" percentiles (boundaries of 
boxes), minimum and maximum (lines). 
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The Generalized Linear Models showed statistical 
differences in temperature, humidity, and elevation 
between the two core zones (Fig. 4b). The Mantel test 
showed a strong correlation between the differences in 
amphibian assemblage structure and the environmental 
conditions (r = 0.73, p = 0.008). 

The Pearson Correlation Analysis showed that 
understory cover + humidity (plot) and soil coverage + 
leaf litter depth presented a high correlation (Table 2). 
In the CCA using the number of individuals per species, 
83.64% of the variation in amphibian assemblages 
attributed among the core zones could be explained by 
environmental factors (CC-axisl explained 44.90% and 
CCA-axis2 explained 38.74%). 

The distribution of species was positively grouped 
based on the environmental variables (Fig. 5). 
Bolitoglossa occidentalis was correlated with higher 
average temperatures (20.8 °C). In contrast, B. franklini, 
D. xolocalcae, and Pl. sagorum were correlated with 
lower average temperatures (15.94 °C, 16.25 °C, and 
16.26 °C, respectively), and higher humidity. Plectrohyla 
matudai and Pt. euthysanota were correlated with a 
microhabitat of higher understory density. Finally, C. 
matudai was correlated with deeper leaf litter depth and 
more leaf litter cover. 


Threatened Species Inhabiting the El Triunfo 
Biosphere Reserve 


Of the 14 species recorded, four (29%) are in the 
Endangered category of the IUCN Red List (C. matudai, 
Pl. hartwegi, Pl. lacertosa, and B. flavimembris), four 
(29%) are in the Vulnerable category (B. franklini, D. 
xolocalcae, C. stuarti, and Pl. sagorum); one (7%) is in 
the Near Threatened category (D. schmidtorum), and five 
(35%) are of Least Concern (P/. matudai, E. sumichrasti, 
L. maculatus, Pt. euthysanota and B. occidentalis) (UCN 
2019). 


In agreement with the Mexican government threatened 
species list (SEMARNAT 2010), Pt. euthysanota is the 
only species in the Threatened category (7%); while 
nine (64%) are under the Special Protection category (C. 
matudai, C. stuarti, D. schmidtorum, Pl. lacertosa, PI. 
hartwegi, B. franklini, B. flavimembris, B. occidentalis, 
and D. xolocalcae), and finally, 29% of the species 
have not been evaluted by NOM 059. (PI. sagorum, PI. 
matudai, E. sumichrasti, and L. maculatus) (SEMARNAT 
2010). 


Discussion 


Although mountain cloud forests are among the most 
threatened tropical ecosystems in the world (Aldrich 
et al. 1998; Hamilton et al. 1995), there has been little 
work addressing the structure of amphibian assemblages 
in well-preserved mountain cloud forests (Diaz-Garcia 
et al. 2017, 2020; Pineda et al. 2005). This study shows 
that within an extensive and well-conserved cloud 
forest like the ETBR, the amphibian species diversity 
presented only slight variations in the structure of the 
amphibian assemblages and composition of the species. 
The environmental heterogeneity (mainly humidity, 
temperature, and canopy cover) of the mountain 
cloud forest seems to determine the variations in the 
assemblages of species between the different zones or 
areas that make up this ecosystem. 

Both core zones within ETBR have similar levels 
of conservation, indicating that the environmental 
differences between the eight sites within the core zones 
are caused by natural processes, and not by human 
activities (Fig. 5b). Differences in the relative abundance 
of species and composition between the two core zones 
(Figs. 3, 4) suggest that the environmental conditions 
in an MCF with a wide extent influence only some of 
the species in the assemblage, but not all species. Those 
differences are indicated by the presence of such species 


Table 2. Pearson Correlation Coefficients among the five environmental variables measured for each individual in El Triunfo, 


Chiapas, México. 


Amphib. Reptile Conserv. 


Temperature Humidity 

Temperature 1.0000000 -0.6957944 

Humidity -0.6957944 1.0000000 

nee -0.6442938 0.7270343 
density 

Soil coverage 0.2538929 -0.3770742 

Leaf litter depth 0.1504011 -0.2755456 


211 


Understory et pee Leaf litter 
density 5 depth 
-0.6442938 0.2538929 0.1504011 
0.7270343 -0.3770742 -0.2755456 
1.0000000 -0.5306524 -0.5912516 
-0.5306524 1.0000000 0.6145746 
-0.5912516 0.6145746 1.0000000 
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in only one of the core zones and in a notable variation of 
their relative abundance. Each core zone offers specific 
conditions created by the inherent heterogeneity of the 
MCE, which are differentially exploited by species or 
groups of species. The higher numbers of individuals of 
the dominant species in the QCZ (Craugastor matudai, 
Bolitoglosa occidentalis, and Plectrohyla matudai) can 
be explained by its topography (Figs. 4 and 5b). The 
steep slope in this core zone produces an environmental 
gradient, causing habitat heterogeneity which favors 
the presence of these species (Figs. 3b, 4a) (Kozak and 
Wiens 2010; McCain and Sanders 2010). 

The differences in assemblage structure (Le., 
dominant and rare species) that occur despite the short 
distance between the two core zones supports the 
hypothesis that the specific environmental characteristics 
of each core zone (Fig. 4) offer different resources and 
conditions that drive the presence and abundances of 
certain amphibian species in the ETBR. The QCZ has 
an altitudinal range from 1,600 to 2,500 m, and the site 
at higher altitudes presented colder temperatures and 
higher levels of moisture (QCZ_1; which is more similar 
to the TCZ sites), while sites at lower altitudes presented 
warmer conditions (QCZ_2, QCZ_3, QCZ_4) and had a 
greater amount of leaf litter, which can provide suitable 
habitat conditions and food resources for amphibians, 
particularly for the salamander B. occidentalis (Duellman 
1999; Wake and Lynch 1976; Welsh and Droege 2001). 
These conditions resulted in differences in species 
abundance within the four sites and, therefore, a greater 
number of dominant species (Fig. 3). In addition, the 
TCZ sites presented similar environmental conditions, 
with lower temperatures, higher levels of moisture, 
and a greater number of bromeliads (Fig. 5b). These 
conditions favor the presence of the four TCZ-exclusive 
species of tree frogs (Duellman 1999; Naniwadekar and 
Vasudevan 2007) and the salamander B. franklini, which 
had higher individual numbers in the TCZ than in the 
QCZ (Wake and Lynch 1976). However, some studies 
have mentioned that other environmental characteristics 
not included in our surveys (1.e., vegetation structure and 
composition, fragment size, tree height, presence of prey 
and predators, epiphyte numbers, etc.) also influence the 
amphibian assemblage structure (Pineda and Halffter 
2004; Murrieta-Galindo et al. 2014; Diaz-Garcia et al. 
2017). 

The differences in the hierarchical positions of some 
species between the two sites are very remarkable (Fig. 
3). For example, B. occidentalis was the second most 
abundant species in the QCZ, however, it was not detected 
in the TCZ. This salamander was recorded in three of the 
four QCZ sites; these sites are located at altitudes below 
2,000 m asl (with higher temperatures) and have higher 
leaf litter depths (Fig. 5b). The highest altitudinal limit 
reported for this species is 2,000 m asl, and although 
this species is considered semi-arboreal (AmphibiaWeb 
2021), most individuals in our surveys were recorded in 
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leaf litter. Given that all individuals of B. occidentalis 
were found at night and none during daylight searches, we 
believe they might come down to the ground searching 
for food and return to their arboreal microhabitat during 
the day. Bolitoglossa franklini, the second most dominant 
species in the TCZ, is reported to be a semi-arboreal 
species but can also be found under bark or under logs, 
requiring pristine MCF habitat between 1,500 and 3,000 
m asl (Raffaelli 2014). In our surveys, this species was 
found mainly in leaf litter or under logs in all TCZ sites, 
but only in one site (QCZ_1) in the QCZ. All of these 
sites are located at altitudes above 2,000 and maintain 
conditions with higher humidity, higher canopy covers, 
and lower temperatures (Fig. 5b). 

The five functional groups observed were determined 
by associations of different traits, which indicates that our 
dendrogram represents a realistic representation of natural 
variation (Petchey and Gaston 2006). The respiration type 
was the principal trait dividing the 14 species into two 
main groups (cutaneous breathing and lung breathing). 
Among the anurans, the parental trait and skin type were 
the principal traits that divided the anuran species into 
three functional groups. Among Caudata, the principal 
trait was the habitat used during the non-breeding season 
(arboreal group and understory-leaf litter group). The 
14 species were assembled according to their functional 
traits and environmental requirements. According to their 
functional needs, the craugastorids were observed in sites 
with a higher amount of leaf litter. The craugastorids are 
a diurnal group that can resist higher temperatures, and 
they need higher amounts of leaf litter as egg-laying 
sites (Duellman and Trueb 1994). These hylids were 
observed in sites near streams or ponds because most of 
their functional traits need humidity or a high density of 
understory, especially as they use these sites for mating 
vocalization or as egg-laying sites (Duellman 2013). 
The higher number of functional groups in the QCZ is 
due to the environmental heterogeneity present there. 
Species like B. occidentalis (higher temperature, leaf 
litter, and understory habitats), D. xolocalcae (higher 
humidity conditions and preference for bromeliads as 
microhabitat), and B. franklini (lower temperature and 
high humidity conditions) have opposing relations in 
their physiological and environmental requirements. On 
the other hand, the species present in the TCZ depend 
on environmental conditions such as humidity and 
understory density, which are important for egg-laying 
sites, especially in hylids. 

Our surveys found 56% of the species previously 
recorded for the ETBR (Espinoza et al. 1999; Johnson 
et al. 2015; Mufioz-Alonso et al. 2000, 2004, 2013; 
Reynoso et al. 2011). However, several of the species not 
recorded in our sampling either occur at lower elevations 
(i.e., Incilius canaliferus, Eleutherodactylus pipilans, E. 
rubrimaculatus, Leptodactylus fragilis, L. melanonotus, 
Lithobates __forreri, Bolitoglossa flaviventris, and 
Dermophis mexicanus) or are known to be common in 
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CCA axis-1 (44.90%) 
Fig. 5. Canonical Correspondence Analysis of the most common 


amphibians. The arrow orientation and length represent the 
association, direction, and strength between the environmental 
variables and the ordination axis. Species names correspond 
to: Crm (C. matudai), Plm (PI. matudai), Pls (PI. sagorum), 
Pte (Pt. euthysanota), Bof (B. franklini), Boo (B. occidentalis), 
and Dex (D. xolocalcae) Environmental acronyms correspond 
to: Hum (Humidity), Understory_Den (Under story density), 
Le_Li_depth (leaf litter depth), and Temp (temperature). 


warmer more disturbed sites, such as /ncilius valliceps 
and Smilisca baudinii. Interestingly, five species reported 
in the ETBR and not found in our sampling belong to the 
genus Craugastor (C. greggi, C. lineatus, C. montanus, 
C. pygmeus, and C. rupinius). Some of these species 
occur just in the boundaries of the reserve, such as C. 
greggi, C. montanus, and C. lineatus. On the other hand, 
this group of frogs is known to be difficult to identify 
morphologically, many of them have not been included 
in any molecular phylogeny, and their validity as species 
or placement within the genus remains uncertain (Padial 
et al. 2014). 

This study contributes new information on how 
amphibian communities are strongly assembled by 
environmental variables. We observed changes in the 
composition and structure of amphibian communities 
either when comparing two core zones or even sites 
within the same core zone. Environmental variables such 
as temperature, humidity, depth of litter, and understory 
density were decisive for the assembly of amphibian 
communities since small changes in variables such as 
temperature and humidity can cause important changes 
in the diversity of the species, especially in the MCF. 
Furthermore, 70% of the amphibian species detected 
in Our surveys are threatened species, which highlights 
their high conservation value, both as a whole and 
individually for each core zone. In this sense, to conserve 
the biota that inhabits an extensive cloud forest, it is 
necessary to protect the different zones or areas that 
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comprise it, thereby capturing the forest’s representative 
heterogeneity. 

The amphibian assemblage in ETBR is composed of 
several species that are in an IUCN risk category (58% of 
Species), and their relative abundances indicate the high 
levels of preservation that are needed in both core zones. 
For example, Craugastor matudai, an Endangered 
species, is the most abundant species for the two core 
zones; and despite the fact that the relative abundances 
of the other three Endangered species (P/. hartwegii, PI. 
lacertosa, and B. flavimembris) are not very high, they 
are still present in ETBR. Of the Vulnerable species (B. 
franklini, D. xolocalcae, C. stuarti, and Pl. sagorum), C. 
stuarti was registered only in the QCZ, and D. xolocalcae 
presented a higher number of individuals in the QCZ 
than in the TCZ. In contrast, the other three species 
were registered in both core zones with similar relative 
abundances. 

Previous studies have reported evidence of local or 
even country-wide extirpation of some anurans, such as 
P. hartwegi (Lips 2004; Lips et al. 2004). Fortunately, we 
found two specimens of P. hartwegi in our surveys despite 
reports of it having been extirpated in Mexico (Santos- 
Barrera et al. 2004). The salamander B. flavimembris was 
reported for the first time in the TCZ and D. xolocalcae 
was reported for the first time in the QCZ. With these 
results, we emphasize that the ETBR is an important 
reserve for the maintenance of threatened species and 
both core zones are complementary in the maintenance 
of those species due to their environmental attributes. 

In conclusion, the ETBR is a reserve of great extent 
that is in a good state of preservation. It is an ideal site 
for the study and protection of threatened organisms, 
such as amphibians. The ETBR has five core zones, with 
great environmental heterogeneity even between two 
adjacent core zones (TCZ and QCZ) which showed a 
direct effect in the distribution of the amphibian species. 
The other three core zones currently remain unstudied. 
In this study, we propose a combination of sample 
techniques (canopy, understory and leaf litter), to gain 
a better understanding of the community assemblage, 
and by using these techniques we were able to report the 
presence of very important frog and salamander taxa. The 
results of this survey can be used as a baseline for future 
studies regarding the amphibian community responses to 
the modification or loss of habitat, which is widespread 
in Mexico. 
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Supplementary Figure 1. Principal Component Analysis, grouping the five sites present in the 
core zones according to the functional traits. Species names correspond to Crm (C. matudai), 
Crs (C. stuarti), Pll (PI. lacertosa), Plh (PI. hartwegii), Plm (Pl. matudai), Pls (PI. sagorum), 
Dus (D. schmidtorum), Pte (Pt. euthysanota), Exs (E. sumichrasti), Lim (L. maculatus), Bof (B. 
franklini), Boo (B. occidentalis), Bofl (B. flavimembris), and Dex (D. xolocalcae) 
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Abstract.—Species diversity is an important parameter for monitoring ecology that can accelerate conservation 
planning. A study on the diversity, composition, and distribution of the herpetofauna in four districts of 
northwestern Bangladesh was conducted through direct field observations and plot counting during day 
and night from April 2017 to March 2018. A total of 33 species of herpetofauna were recorded, representing 
20 reptiles and 13 amphibians, and the estimated species richness was 37. The highest number of species 
(22) was found in both Kornai (Thakurgaon) and Mollapara (Nilphamari), while the lowest (10) was in Nolabari 
(Nilphamari) and Koyagolahat (Nilphamari). The highest number of amphibian species (11) was recorded in 
Singra forest and Kornai, while Mollapara harbored the most reptilian species (12). Based on the Shannon- 
Wiener index of diversity, the highest diversity was in Kornai (H’ = 2.562) while the lowest was in Singra 
forest (H’ = 1.304). The Jaccard similarity index varied from 0.33 to 0.71, indicating the variations of species 
compositions among different sites. Among the 2,421 herpetofauanal individuals recorded, Common Toad, 
Duttaphrynus melanostictus (n = 639) represented the highest number among the amphibians and Yellow- 
green House Gecko, Hemidactylus flaviviridis (n = 130) represented the highest number among reptiles. The 
baseline data on herpetofaunal diversity reported here will help the scientific community and policymakers to 


effectively accelerate the conservation plans for this region. 
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Introduction 


Bangladesh is unique in having temperate climatic 
conditions that have created 25 bio-ecological zones 
throughout the country (Nishat et al. 2002). These 
ecological zones are mainly forested habitats, although 
Bangladesh has minimal natural forest and forest patches 
except the Sundarbans (Khan 2015). Wild animals use 
these diverse forest ecosystems, as well as human- 
dominated landscapes in both urban and rural areas and in 
city centers. The needs of the growing human population, 
such as land use for human habitations and cultivation, 
have been influencing many species in close proximity to 
human habitats over the past few decades (Khan 2015). 
In Bangladesh, wildlife research has mainly emphasized 
megafauna such as tigers (Azad et al. 2005; Inskip et al. 
2013, 2016; Reza et al. 2002), elephants (Palash et al. 
2018; Sarker and Roskaft 2010; Wahed et al. 2016), and 
langurs (Green 1980; Jaman 2015; Khatun et al. 2012, 


2013). Research on the herpetofauna 1s still inadequate 
in Bangladesh and this has led to controversy among 
researchers regarding the exact number of species (Hasan 
et al. 2014; Hasan and Feeroz 2014). Herpetofaunal 
discovery (1.e., species newly described for science) has 
become common in Bangladesh in recent times (Reza 
and Perry 2015), and 27 species of amphibians and 
57 species of reptiles have been added to the list since 
2000 (IUCN Bangladesh 2015). A total of 49 species 
of amphibians and 167 species of reptiles have been 
assessed by IUCN Bangladesh in 2015. The number of 
assessed herpetofaunal species has increased for both 
groups and many undiscovered species were added to the 
list after their discovery and assessment of threats (IUCN 
Bangladesh 2015). 

The herpetofauna of Bangladesh are facing many 
threats and under extreme pressure due to habitat loss, 
excessive use of agrochemicals, drying up of water 
sources, intentional forest fires, and extensive fuelwood 
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collection (Hasan et al. 2014; IUCN Bangladesh 2015). 
In addition, anthropogenic threats are causing the 
degradation and loss of the very few natural reserve 
forests that still exist in this region (Hasan et al. 2014; 
IUCN Bangladesh 2015; Karmakar et al. 2011; Rahman 
et al. 2012). In the last few decades, the natural habitats 
of herpetofauna have been completely degraded and this 
process is continuing presently. The modes and styles 
of degradation or alteration of natural habitats in the 
northwestern districts are diverse, such as urbanization, 
uncontrolled irrigation, pressure from increasing human 
settlements and unmanaged fishery practices, among 
others. Rapid urbanization and the conversion of land into 
human habitation and agricultural production are posing 
serious threats in this study area. A total of 10 species 
of amphibians and 38 species of reptiles are nationally 
threatened according to IUCN Bangladesh (2015). 

The southeastern and northeastern parts of Bangladesh 
have been blessed with strong conservation efforts and 
have more diverse and protected areas. Research on 
herpetofaunal species diversity and richness have mainly 
been conducted in the protected areas of these regions 
(Chowdhury et al. 2016; Hasan et al. 2014; Hasan and 
Feeroz 2014; Khan 2007; Mahony and Reza 2008: 
Reza and Mukul 2009; Reza and Perry 2015). Some 
additional works on herpetofauna have been done in 
northwestern Bangladesh (Alam et al. 2019; Al-Razi et 
al. 2015; Hossain and Jing 2019; Rahman et al. 2018). 
Thus far, no endemic reptile species have been reported 
in Bangladesh, but seven endemic amphibian species 
(Fejervarya asmati, Hoplobatrachus litoralis, Microhyla 
mymensinghensis, M. mukhlesuri, M. nilphamariensis, 
Zakerana dhaka, and Euphlyctis kalasgramensis) 
occur in diverse habitats of this country (Howlader 
et al. 2015a,b, 2016; IUCN Bangladesh 2015; Khan 
2015). Despite this recent increase in research on the 
herpetofauna of Bangladesh, research on the diversity 
and richness of herpetofauna specifically in northwestern 
Bangladesh has yet to be reported. Therefore, the aims of 
this study were to characterize the species assemblage, 
including species diversity and distributions, and estimate 
the herpetofaunal species richness in four districts in 
northwestern Bangladesh. 


Methods 
Study Area 


This study was conducted from April 2017 to March 
2018 in Thakurgaon, Dinajpur, Nilphamari, and Rangpur 
districts of northwestern Bangladesh. Three of the four, 
Dinajpur, Nilphamari, and Thakurgaon, are situated 
adjacent to the international border with India. Some 
major river systems linked to the Barind tract flow through 
West Bengal of India and into northwestern Bangladesh, 
and the sites are reticulated with many small- to medium- 
sized rivers. Eight study sites in these four districts were 
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selected based on the biological characteristics of their 
habitats, logistical concerns and flexible opportunities 
for study. Representatives of all major habitat types in 
the study area (ponds and wetlands, homestead gardens, 
agricultural or cropland areas, and forests) were surveyed 
during the whole study period. 


Summary of the Study Sites 


A map of all the districts and study sites is shown in 
Fig. 1. 

Dinajpur has an area of about 3,437.98 km’, and 
this district includes some ecologically important 
areas. Among them, Singra forest (25°53’33.0’N, 
88°34’04.7”E) was selected mainly due to its rich 
vegetation. 

Nilphamari, adjacent to Dinajpur district, has an 
area of 1,580.85 km?. The study sites in this area 
were Mollapara (25°53’11.67”N, 88°52731.21”E), 
Koyagolahat (25°48’10.01”"N, 88°53’°59.51”E), and 
Nolabari (25°49715.96”N, 88°5071.42”E), which were 
selected according to their habitat types. 

Thakurgaon covers an area of 1,809.52 km7?, and the 
study sites were Kornai (25°45’47.1”N, 88°22730.0”E) 
and Mollikpur (25°48’01.8”N, 88°22’18.3”E). 

Rangpur has an area of 2,370.45 km/?, and the study 
sites were Khatkhatia (25°4771.76"N, 89°15734.34”E) 
and Burirhat (25°49’21.41”N, 89°14’5.95”E). Khatkhatia 
is mainly agricultural land with canals, while Burirhat is 
a fallow land with bushy areas and ponds. 


Field Methods 


Data were collected through direct field observations. 
Observations were mainly done in the evening to 
nighttime, starting from 1830 h to 2230 h, as the 
herpetofauna are mostly active at night. Generally, the 
nocturnal surveys were conducted with torchlight and 
were more successful on nights just following rain. 
Observations were also made for those reptilians who 
were active during the daytime for their feeding and 
basking. In particular, we searched thickets and bushes 
to find lizards and skinks in the study areas. 

Searches for herpetofauna were carried out by turning 
over the land surface cover, such as debris, fallen logs, 
dead leaves, etc. that could be moved by hand. This was 
done by walking through an area of habitat and searching 
for exposed or active amphibians and reptiles. Each 
study site was divided into a similar number of plots. 
The size of each plot was 10 m x 10 m, and each plot 
was extensively searched for herpetofauna. A total of 
152 plots were surveyed, with counting of the observed 
populations. Species were identified according to the 
most recent country herpetofaunal field guide (Hasan et 
al. 2014). Species which were difficult to identify in the 
field were photographed and their identification was later 
confirmed by experts. 
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Fig. 1. Locations of the study sites in the Northwestern region of Bangladesh. 


Data Analysis 


The names of all available amphibians and reptiles in 
the study areas were recorded and classified for further 
analysis. Amphibian and reptilian species were grouped 
with their total numbers of individuals, and species 
richness and abundance were subsequently calculated. 
Species diversity levels of all study sites were calculated 
using the Shannon-Wiener index of diversity. Similarities 
of species composition in different sites were also 
calculated using Jaccard similarity index in EstimateS 
software. Estimated species richness was calculated 
using the freely available EstimateS 9 Windows software 
and the data of presence or absence for each species 
in each sample (Colwell 2009). The five most popular 
non-parametric estimators (ACE, ICE, Chaol, Jacknife 
1, and Bootstrap) with 100 runs for each were used for 
estimating species richness. 


Results and Discussion 


Observed and estimated species richness. A total 
of 33 species of herpetofauna were recorded from the 
study sites. They represent 20 genera in 13 families, 
and the 13 amphibian species belong to five families 
(Bufonidae, Dicroglossidae, Microhylidae, Ranidae, and 
Rhacophoridae) while the 20 reptilian species belong 
to eight families (Agamidae, Colubridae, Elapidae, 
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Gekkonidae, Homalopsidae, Natricidae, Scincidae, and 
Varanidae). The herpetofaunal diversity in the study 
area was quite remarkable, and the family-level species 
diversity was higher for the reptiles than the amphibians. 
The numbers of amphibian and reptilian species in 
Bangladesh have varied among different studies 
conducted at different times (Husain and Rahman 1978; 
Hasan et al. 2014; IUCN Bangladesh 2000, 2015; Khan 
MAR 1982, 2004, 2010, 2015; Khan MMH 2008; Sarker 
and Sarker 1988). Aziz et al. (2014) found nine species of 
amphibians and 18 reptiles from Pabna district, whereas 
Sarker (2015) recorded 11 amphibians and 19 reptiles 
from wetlands of Chalan Beel. Our findings suggest that 
further study could increase the species richness reported 
in those areas. The findings of this study also showed 
very similar results with an increase of species numbers 
for northwestern Bangladesh (Aziz et al. 2014; Sarker 
2015). 

Among the 13 amphibian species, 11 (84.6%) were 
observed in Singra forest and Kornai which were the 
highest, and seven (53.8%) were observed in Nolabari 
and Khatkhatia which were the lowest (Table 1). The 
highest reptilian diversity was recorded in Mollapara 
with 12 (60%) species, and the lowest diversity was 
in Koyagolahat with two (10%) species (Table 1). The 
numbers of amphibian and reptilian species were the 
same in Khatkhatia, Burirhat, and Kornai, but they were 
different in Koyagolahat (Fig. 2). The highest amphibian 
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Fig. 2. Species richness of amphibians and reptiles at different study sites. 


species diversity was found in Singra forest and Kornai, 
and the highest reptilian diversity was recorded in 
Mollapara (Fig. 2). 

While it is not possible to thoroughly cover a whole 
study area for all the different groups of herpetofauna, 
the estimated species richness is often calculated to 
overcome all kinds of sampling errors and obstacles. 
Here, we used the EstimateS software developed by 
Colwell in 2009 to estimate the species richness of our 
study areas. Using five nonparametric estimators in 
EstimateS, the highest estimated species richness was 37 
in Kornai and Mollapara and the lowest estimated species 
richness was 16 in Nolabari (Table 1). The range of total 
observed species varied from 10 to 22, with the highest 


Table 1. Observed species richness (S 


obs 


Observed species richness (S 


Study site Amphibians Reptiles 
Nolabari eo 3 
Koyagolahat 8 2 
Khatkhatia 7 7 
Singra 11 3 
Mollikpur 10 6 
Burirhat 10 10 
Mollapara 10 12 
Kornai 1] 11 
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) and estimated species richness (S 


in Kornai (22) and the lowest in Nolabari (10), whereas 
the total estimated species richness varied from 16 to 37 
in each of the study sites (Table 1). There were only small 
differences between the observed and estimated species 
richness for amphibians but the differences were greater 
for reptiles. This is probably because of the cryptic 
behavior of reptiles which limits the success of searching 
and finding the species during the field study. 


Diversity and similarity indices. The Shannon-Wiener 
index of diversity was used to calculate the diversity in 
different study sites, and the value was the highest (H’ 
= 2.562) in Kornai (Thakurgaon) and the lowest (H’ = 
1.304) in Singra forest (Dinajpur). Based on the evenness 


) in the study sites in Bangladesh. 


est 


a) Estimated species richness (S,_,) 
Total Amphibians Reptiles Total 
10 9 e 16 
10 12 NF. 29 
14 12 19 31 
14 13 20 33 
16 13 22 35 
20 13 23 36 
22 13 24 37 
22 13 24 a7 
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Table 2. Species diversity indices based on different study sites in Bangladesh. 


Dinajpur Nilphamari 
Parameter 
Singra Mollapara _ Koyagolahat 
Shannon-Wiener 
Index (H’) 1.304 2.403 1.841 
Evenness (E) 0.373 0.687 0.527 


calculations, the herpetofaunal species were more evenly 
distributed in Kornai (Thakurgaon) (E = 0.733) and 
less so in Singra forest (Dinajpur) (E = 0.373) (Table 
2). Singra forest is dominated with Sal trees (Shorea 
robusta) and this type of unique vegetation might be 
one of the causes of the low herpetofaunal diversity. In 
contrast, the presence of diverse habitats such as ponds, 
croplands, bushy areas, thickets, and fallow grassland 
may be the reason that Kornai (Thakurgaon) harbors the 
highest number of species among the sites. 

The Jaccard similarity index for herpetofaunal 
overlap varied between study site pairs from 0.71 to 0.33 
(average: 0.50), which means that half of the species 
were shared by different sites on average (Table 3). This 
index uses species richness only to compare the common 
species shared in two sites. Among the 33 species found 
in the surveys, 17 species were common between Kornai- 
Mollapara and Kornai-Burirhat which was the highest, 
and seven species were common between Khatkhatia- 
Nolabari and Khatkhatia-Koyagolahat which was the 
lowest, but the Jaccard similarity index was the highest 
for Burirhat-Mollikpur and the lowest for Khatkhatia- 
Singra forest (Table 3). The results of these two differed 
because the Jaccard similarity index uses unique species 
number and common species number to calculate the 
similarity. The results also showed that the three sites 
(Kornai, Mollapara, and Burirhat) with high species 
richness also shared the most species, sharing about 52% 
of total species, and the sites with the lowest species 
richness (Nolabari, Koyagolahat, and Khatkhatia) shared 
the fewest species, only about 23% of the total species. 


Abundance, composition, and distribution. We counted 
a total of 2,003 individual amphibians, with Common 
Toad, Duttaphrynus melanostictus (n = 639) being most 
abundant and Red Microhylid Frog, Microhyla rubra (n 
= 5) being least abundant (Table 4). Among 418 observed 


Thakurgaon Rangpur 
Nolabari —Kornai  Mollikpur —_ Khatkhatia —_ Burirhat 
1.748 2562 D221 2.133 2379 
0.5 0.733 0.635 0.61 0.68 


individual reptiles, the highest number (n = 130) was for 
Yellow-green House Gecko, Hemidactylus flaviviridis, 
and the lowest number (n = 1) was tied for Common 
Smooth Water Snake, Enhydris endydris, Monocled 
Cobra, Naja kaouthia, and White-spotted Supple Skink, 
Lygosoma albopunctata (Table 5). Considering the eight 
study sites, the highest number of individuals was recorded 
in Burirhat (531, 21.9%), followed by Mollikpur (372, 
15.4%), Kornai (354, 14.6%), Khatkhatia (337, 13.9%), 
Singra forest (230, 9.5%), Mollapara (217, 9%), Nolabari 
(208, 8.6%), and Koyagolahat (172, 7.1%). 

Although Thakurgaon and Nilphamari districts 
were diverse in herpetofaunal species richness, the 
highest abundance was found in Rangpur district with 
868 (35.85%) individuals. Thakurgaon was the second 
most abundant district with 725 (29.94%) individuals, 
and Dinajpur had the least abundance with 230 (9.5%) 
individuals. The amphibian population was most abundant 
in Rangpur (677, 33.8%) followed by Thakurgaon (598, 
29.9%), Nilphamari (503, 25.11%), and Dinajpur (225, 
11.2%). Rangpur also had the highest reptilian population 
(191, 45.7%). A total of 127 (30.4%) individual reptiles 
were recorded from Thakurgaon, 94 (22.5%) from 
Nilphamari, and 5 (1.2%) from Dinajpur. The pesticide 
usage in Rangpur (particularly in the study sites) has been 
decreasing through a community awareness program 
organized by the Upazila agricultural office. This might 
be one of the reasons for the highest abundance in 
Rangpur district, and the existence of different types of 
habitats might be another reason for the higher population 
in this area. On the contrary, unique habitat types, hunting 
of herpetofauna by ethnic communities, and the high rate 
of pesticide usage in Dinajpur district might be the reasons 
for its low abundance of amphibians and reptiles. 

Common Toad, Duttaphrynus melanostictus (639, 
31.9%) and Yellow-green House Gecko, Hemidactylus 
flaviviridis (130, 31.1%) were the most abundant species 


Table 3. Jaccard similarity index values for comparing species assemblages in the study sites, with the shared species numbers in 


parentheses. 
Study site Koyagolahat Khatkhatia Singra Mollikpur Burirhat Mollapara Kornai 
Nolabari 0.67 (8) 0.41(7) 0.50 (8) 0.53 (9) 0.50 (10) 0.39 (9) 0.46 (10) 
Koyagolahat 0.41(7) 0.50 (8) 0.63 (10) 0.43 (9) 0.39 (9) 0.46 (10) 
Khatkhatia 0.33 (7) 0.50 (10) 0.48 (11) 0.44 (11) 0.44 (11) 
Singra 0.50 (10) 0.48 (11) 0.50 (12) 0.39 (10) 
Mollikpur 0.71 (15) 0.58 (14) 0.58 (14) 
Burirhat 0.62 (16) 0.68 (17) 
Mollapara 0.63 (17) 
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Table 4. Numbers of each amphibian species observed in the study sites. Site numbers: 1, Singra; 2, Mollapara; 3, Koyagolahat; 
4, Nolabari; 5, Kornai; 6, Mollikpur; 7, Khatkhatia; and 8, Burirhat. 


Dinajpur 

English name Scientific name Site 1 

Asmat’s Cricket Frog Fejervarya asmati fi 

Common Toad Duttaphrynus 149 
melanostictus 

Common Tree Frog Polypedates = 
leucomystax 

Bull Frog Hoplobatrachus 2 
tigerinus 

Jerdon’s Bull Frog Hoplobatrachus 1 
Crassus 

Nepal Cricket Frog Fejervarya = 
nepalensis 

Microhylid Frog Microhyla spp. 4 

Pierre’s Cricket Frog Fejervarya pierrei 3 

Red Microhylid Frog Microhyla rubra 5 

Skipper Frog Euphlyctis 22 
cyanophlyctis 

Syhadra Cricket Frog Fejervarya 30 
syhadrensis 

Terai Cricket Frog Fejervarya teraiensis 1 

Yellow-striped Frog Hylarana tytleri 1 


of herpetofauna found in all eight study sites. The 
observed amphibians mainly used agricultural land and 
pond areas, whereas reptiles preferred bush and human 
habitations. Most of the species of herpetofauna were 
found to use pond areas as their common grounds for 
feeding as well as breeding. 

This study covered all major types of habitats 
available in the study areas to understand the 
distribution of the herpetofauna in their preferred 
habitats. Among the species found at all study sites 
were four amphibians: Common Toad, Duttaphrynus 
melanostictus, Skipper Frog, Euphlyctis cyanophlyctis; 
Bull Frog, Hoplobatrachus tigerinus; and Syhadra 
Cricket Frog, Fejervarya syhadrensis, and the reptile 
Common House Gecko, Hemidactylus frenatus 
(Tables 4-5). The species found only in a single study 
site (12.5%; one of eight study sites) included the 
amphibian Red Microhylid Frog, Microhyla rubra, and 
nine reptiles: Rat Snake, Ptyas mucosa, Banded Krait, 
Bangarus fasciatus, Monocled Cobra, Naja kaouthia; 
Bowring’s Gecko, Hemidactylus bowringii; Common 
Smooth Water Snake, Enhydris enhydris; Striped 
Keelback, Amphiesma stolatum, Striped Skink, Mabuya 
carinata, White-spotted Supple Skink, Lygosoma 
albopunctata;, and Bowring’s Supple Skink, Lygosoma 
bowringii (Tables 4—5). This distribution suggested 
that amphibians were more widely distributed in all the 
study sites compared to reptiles. 
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Nilphamari Thakurgaon Rangpur 
Site2 Site3 Site4 Site5- Site6 Site7 Sites 
4 = = 20 4] 22 37 
46 74 #2 27 33 108 130 
4 = F 21 a 19 71 
22 21 10 2 34 36 61 
6 = = = = = = 
= 4 = 8 11 = = 
28 7 = 14 7 4 
3 7 11 i 18 a 9 
44 22 44 100 124 49 65 
2 6 44 27 36 20 26 
1 13 if 21 11 Z 14 
r = 1 7 . = 3 
Conclusions 


The herpetofaunal abundance and species richness in 
the study areas were found to be relatively high, but 
threats to the herpetofauna are leading to their population 
declines which might eventually cause endangerment or 
even extinction of some species. Creating conservation 
awareness among the local people in these areas may 
accelerate the conservation of these small but important 
species. Conservation efforts and priorities should be 
of concern since these areas still harbor many endemic 
and ecologically important species. Moreover, studies 
on the breeding biology, habitat preferences, population 
dynamics, and life patterns of herpetofauna should 
receive greater emphasis considering their ecological 
roles. 
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Abstract.—Knowledge of the spatial distributions of species is vital for protecting the planet’s biodiversity. 
Turtles are currently among the most threatened vertebrate groups, resulting in the need for studies of turtle 
distributions. However, the distributions of many turtle species remain poorly known, particularly for those in 
Southeast and East Asia. Geoemyda spengleri is a small terrestrial turtle found in montane forests of China, 
Laos, and Vietnam. Here, we update the geographical distribution of this species based on reliable occurrence 
data and discuss some questionable records. We also present the elevational distribution of G. spengleri from 
localities across its geographical distribution. Compared to prior studies, this work increases the number of 
verified localities for G. spengleri(n= 51), but we also consider some previously accepted localities (e.g., central 
Vietnam) to be unreliable. The total estimated area for the geographical distribution of G. spengleri is 227,641 
km. Our results also show that the species inhabits an elevation range of 530—1,548 m. A latitudinal gradient in 
elevation is apparent, with the tendency for more southerly occurrences to be located at higher elevations than 
more northerly occurrences. The geographical and elevational distributions of G. spengleri have implications 
for the conservation of this species, and additional research involving these topics is encouraged. 
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Introduction 


Detailed knowledge of the spatial distributions of species 
is fundamental for studies in biogeography, ecology, and 
conservation biology. However, information on most 
species distributions remains incomplete. This deficiency, 
the Wallacean shortfall, hinders our ability to understand 
and protect biodiversity on a rapidly changing planet 
(Lomolino 2004; Richardson and Whittaker 2010). 
Turtles (order Testudines) are currently one of the 
world’s most threatened clades of vertebrates (Rhodin et 
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al. 2018; Stanford et al. 2020). The creation of distribution 
maps for turtle species, while certainly not new (e.g., 
Iverson 1992), has received much attention in recent years 
due to the conservation status of this group. Buhlmann 
et al. (2009) described a method of constructing turtle 
distribution maps based on species occurrence data and 
hydrologic unit compartments (HUCs). Subsequently 
revised by the TTWG (2017) using finer resolution HUCs, 
the resulting maps represent the most current, accurate, and 
thorough study of turtle distributions to date. These maps 
have already been used for studies of turtle biogeography, 
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macroecology, evolution, and conservation prioritization 
(Rodrigues and Diniz-Filho 2017; Rodrigues et al. 2017; 
Ennen et al. 2020). 

Despite these advances, the distributions of many 
turtle species continue to be poorly known. This is 
especially true for Southeast and East Asian species, 
which unfortunately are also among the most threatened 
(van Dijk et al. 2000). The reasons for this information 
gap include limited field surveying, the massive and 
widespread trade in turtles, the extreme rarity of some 
species, and inaccessibility of the scientific literature and 
museum specimens in the region. Many localities for 
Asian turtles were based on specimens purchased from 
markets or introduced through trade, and the uncritical 
acceptance of these records has resulted in considerable 
confusion regarding species distributions (Parham and Li 
1999; Fong et al. 2002; Stuart and Platt 2004; Zhou et al. 
2008; Fong and Qiao 2010). 

The Black-breasted Leaf Turtle, Geoemyda spengleri 
(Gmelin, 1789), is a small terrestrial turtle inhabiting 
montane forests in southern China, Laos, and Vietnam. 
Under threat from trade and habitat destruction, G. 
spengleri is currently assessed as Endangered for the 
IUCN Red List of Threatened Species (Rhodin et al. 
2018; Fong et al. 2020). Although G. spengleri remains 
relatively enigmatic in the wild, basic information on the 
biology and ecology of the species has been provided by 
recent field studies in Vietnam (Pham et al. 2018, 2020) 
and ongoing research in China (Dawson et al. 2019). This 
field work has also furnished additional locality data for 
G. spengleri. Herein, we use these occurrences to update 
the geographical distribution of G. spengleri and discuss 
some questionable historical and modern records. We 
also present the elevational distribution of G. spengleri 
from localities across the geographical distribution. 
Although elevation is extremely important for montane 
species, elevational data have seldom been reported for 
G. spengleri, particularly for populations in China. 


Materials and Methods 


Dataset. We assembled the records of G. spengleri 
from our own field work, museum collections, scientific 
literature, interviews of local people, and unpublished 
data from other researchers. Our field work included 
specific surveys for G. spengleri and incidental finds 
during other projects. For each turtle located in the 
field, we recorded the position (latitude, longitude, 
elevation; WGS84) using a handheld GPS receiver. 
We compiled published records from a search of the 
primary and secondary literature in Chinese, English, 
French, German, and Vietnamese. When possible, we 
authenticated records in the secondary literature with 
primary sources. We examined museum holdings using 
online collection databases (VertNet 2015; NSTI 2017; 
GBIF 2020) and contacted several institutions to obtain 
additional data or photographs of select specimens. 
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Interviews of turtle hunters, traders, consumers, and other 
individuals were typically semi-structured in design and 
conducted by interviewers fluent in the local language. 
Details of our interview methodology can be found in 
Gong et al. (2009a), Gaillard et al. (2017), and Pham 
et al. (2018, 2020). For records lacking coordinates but 
with textual descriptions, we geocoded the place names 
using detailed local maps and satellite imagery in Google 
Earth Pro (version 7.3, Google LLC, Mountain View, 
California, USA). 


Data verification. We critically evaluated the quality 
of each record in the dataset, and confirmed species 
identification using a specimen, photograph, or 
description. Based on qualitative data and expert 
opinion, we characterized the source as either natural 
or anthropogenic (i.e., based on trade/introduction). We 
incorporated uncertainty in horizontal position as an 
attribute as follows: coordinates from GPS were classified 
as low error (record position < 1 km from the true 
location), while geocoded coordinates were categorized 
as either medium (< 10 km from the true location) or 
high (> 10 km from the true location) errors. We selected 
this cutoff distance based on the resolution of Level 10 
HUCs (mean area = 143.7 + 85.1 km? or ~12 km x 12 
km) in the study area, between approximately 16—26°N 
and 104—-114°E. We considered individual records to be 
reliable occurrences if a correct species identification was 
established, the source was natural, and the positional 
error was low or medium. When any of these conditions 
was not met or missing data prevented verification, we 
considered the record to be questionable and excluded 
it from the geographical distribution. For elevational 
analyses, we retained only reliable occurrences with low 
positional error. 


Geographical distribution mapping. To construct 
a distribution map based on HUCs, we followed the 
method of Buhlmann et al. (2009) but utilized HUCs 
of finer resolution, as performed by TTWG (2017). We 
obtained a polygon shapefile of Level 10 HUCs from 
the HydroBASINS dataset (Lehner and Grill 2013) and 
extracted a digital elevation model from the Global Multi- 
Resolution Terrain Elevation Data 2010 (GMTED2010) 
30 arc-second systematic subsample product (Danielson 
and Gesch 2011). In ArcGIS Desktop (version 10.8.1, 
ERSI, Redlands, California, USA), we added a point 
layer of reliable occurrences to the GMTED2010 
elevation raster and the HUCs vector layer. Initially, we 
selected the localities of the HUCs containing occurrence 
points, followed by the addition of neighboring HUCs at 
similar elevations and adjacent HUCs within the same 
larger watershed or physiographic region, until all the 
HUCs were connected. For comparison to our results, we 
obtained polygon shapefiles of the distributions created 
by Buhlmann et al. (2009) and the updated version by 
TTWG (2017). 
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Area calculations, statistical analyses, and data 
presentation. We estimated the area of the geographical 
distribution using the equal-area Behrmann cylindrical 
map projection (Yildirim and Kaya 2008) and the 
Calculate Geometry tool in ArcGIS Desktop. We 
defined statistical significance as p < 0.05 and evaluated 
relationships of elevation to latitude and longitude using 
Kendall’s rank correlation (using the cor.test function 
in the stats package of R: a language and environment 
for statistical computing, version 4.0.3, R Core Team, 
Vienna, Austria). Mean values are given + 1 standard 
deviation. The release of precise locality information 
can inadvertently increase the threats to species, such as 
by facilitating exploitation (Fong et al. 2002; Fong and 
Qiao 2010). Geoemyda spengleri is highly vulnerable to 
exploitation over its entire geographical distribution, and 
the public availability of precise locality data could further 
jeopardize some populations. To reduce the risk of data 
misuse, we generalized the localities presented here by 
rounding coordinates to the nearest 0.1 degree (Chapman 
and Grafton 2008) and withheld some localities from the 
map. Finer resolution data may be obtained for approved 
uses under the terms of a data license agreement by 
contacting the corresponding author. 
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Results 


Geographical distribution. Of the 244 total records in 
our dataset, we considered 77 to be reliable occurrences. 
Fifty-one HUCs were localities containing reliable 
occurrences, with a mean of 1.5 + 1.5 occurrences per 
hydrologic unit (range = 1-9). Reliable occurrences 
by Fang (1930) and KFBG (2002a) for Liuzhou City, 
Guangxi Autonomous Region, China (25.2°N), formed 
the northernmost recorded locality for G. spengleri. The 
southernmost reliable occurrences were in Khamkeut 
District, Bolikhamxay Province, Laos (18.3°N), and 
consisted of the locality in Stuart et al. (2011) and a 
previously unpublished nearby record (an adult G. 
spengleri photographed in the field by C. Nanthavong 
and S. Sayavong on 26 March 2007). Most of the reliable 
occurrences (n = 65) formed an arc of localities that 
connect to create a geographical distribution extending 
from the Nanling Mountains of southern China to the 
northern Annamite Range of Vietnam and Laos. Twelve 
insular occurrences in Hainan Province, China, were 
disjunct from the mainland geographical distribution 
(Fig. 1). We estimated the total area of the geographical 
distribution of G. spengleri to be 227,641 km? (Table 1). 


JIANGXI 


GUANGXI 


GUANGDONG 


Geoemyda spengleri 
@® = Reliable occurrence 


| | Geographical distribution 


Fig. 1. Geographical distribution of Geoemyda spengleri based on hydrologic unit compartments (Level 10 HUCs). Positions of 
the reliable occurrences (” = 77) are approximate, as the coordinates were generalized by rounding (see text for details). Multiple 
symbols may overlap and appear as a single point. Not all localities are shown to protect particularly sensitive populations. Inset: 
Adult male Geoemyda spengleri from Guangxi Autonomous Region, China. Photo by Jeffrey E. Dawson. 
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Table 1. Area estimates (km’) for the geographical distribution of Geoemyda spengleri. The sum for areas of the political divisions 
may not equal the total area due to rounding and because the coarse resolution HUCs used by Buhlmann et al. (2009) were not 


perfectly aligned with political and natural boundaries. 


Location BuhImann et al. (2009) 
Total 452,934 
China 229,058 
Guangdong 71,898 
Guangxi 131,480 
Guizhou - 
Hainan 7,721 
Hunan — 
Jiangxi - 
Yunnan 17,958 
Laos 68,334 
Vietnam 155,259 


Elevational distribution. Elevations were available 
for 33 reliable occurrences of G. spengleri with 
low positional error. The mean elevation of these 
occurrences was 791.6 + 229.6 m. No association was 
found between elevation and longitude (Kendall’s tau = 
-0.22, p value = 0.70). However, a negative correlation 
between elevation and latitude was highly significant 
(Kendall’s tau = -0.61, p < 0.001). The lowest 
recorded elevation was an occurrence in Huzhou City, 
Guangdong Province, China (23.6°N), which is near the 
north-eastern extent of the geographical distribution. 
The mean elevation of occurrences at this locality was 
582.2 + 34.4 m (range = 530-618 m; n = 6). Moving 
southward along the geographical distribution, the 
elevations of occurrences increased (Fig. 2). The highest 
recorded elevation (1,548 m) was also the southernmost 
reliable occurrence in Khamkeut District, Bolikhamxay 
Province, Laos (18.3°N). The mean elevation of the 
disjunct occurrences in Qiongzhong County, Hainan 
Province, China (18.8°N), was 1,064.4 + 51.1 m (range 
= 980-1,110 m; n=5). 
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Fig. 2. Relationship between elevation and latitude of reliable 
Geoemyda spengleri occurrences with low positional error (n 
= 33). 
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TTWG (2017) This study 
273,018 227,641 

182,222 140,804 

58.416 52,405 

110,050 75,765 

= 1,029 

8,382 4.111 

2,436 2,506 

2,936 1,393 

= 3,594 

3,833 13,293 

86,962 73,508 

Discussion 


Early reports on the geographical distribution of G. 
spengleri included a number of spurious localities, such 
as the Mascarene Islands of Africa and the archipelagos 
of Indonesia and the Philippines (e.g., Dumeéril and 
Bibron 1835; Boulenger 1889; Castro de Elera 1895; 
Shelford 1901; De Rooy 1915; Smith 1931; Pope 
1935). These erroneous records were apparently based 
on misidentified, mislabelled, or translocated specimens 
(Strauch 1865; Iverson 1992; Yasukawa and Ota 
2010). As G. spengleri has been subjected to extensive 
exploitation since the 1980s, recent localities must also 
be carefully scrutinized. Records for some locations, 
including Anhui Province (Yao and Liu 1995) and Macau 
(Zhao and Leung 1999) in China, appear to be based on 
specimens released or purchased from trade (Shi 2005). 
Uncertainty still remains for a number of other 
localities for G. spengleri, particularly in China. Pierlioni 
(2016) published images of a specimen photographed 
during the filming of a television documentary in extreme 
western Yunnan Province, China. We attempted to obtain 
additional locality data through contact with the media 
company, but the only recollection of the photographer 
was that a ranger purportedly caught the turtle in 
Gaoligongshan National Nature Reserve and released 
it afterward (B. Morrison, pers. comm.). However, the 
location of the reserve is over 650 km from the nearest 
reliable occurrence record in Van Ban District, Lao Cai 
Province, Vietnam. Lacking any further information, we 
excluded this locality from the geographical distribution. 
It is more probable that G. spengleri occurs 1n eastern 
Yunnan Province. According to Li and Wang (1999), 
wildlife traders asserted that some specimens in the 
markets of Yunnan originated from areas of the province 
close to the border with Vietnam. Although we were 
unable to confirm any localities during this study, J. 
Wang (pers. comm.) has provided us with information on 
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one possible site in eastern Yunnan. Geoemyda spengleri 
has been included in the herpetofauna of Hunan Province 
(Zhao 1986; Zhao and Adler 1993). However, no 
specimens or details from Hunan have been documented 
thus far, and the occurrence of the species there remains 
unconfirmed (Shen et al. 1998). The current study also 
did not substantiate a possible locality in Jiangxi Province 
listed by Schaefer (2005) and TTWG (2017). Field work 
should be undertaken in the parts of Yunnan, Hunan, 
Jiangxi, and Guizhou provinces near reliable occurrences 
to establish whether G. spengleri is present. 

Although numerous occurrences exist in Guangxi 
Autonomous Region, China, there are very few localities 
in the western one-third of the region. Furthermore, some 
records in this area are equivocal. Fang (1930) provided 
a locality (“Tung-kwai, Lungchow’) for two specimens 
from Chongzuo City, on the border with Vietnam, in 
southwestern Guangxi. However, the terrain of this area 
consists of karst hills that are generally less than 400 m in 
elevation. Based on the recorded elevational distribution 
of G. spengleri, that area appears largely unsuitable for 
the species. More recent records for the area include a 
literature report on Nonggang National Nature Reserve 
(Long 1988, in KFBG 2002b) and specimens with 
collection dates from the late 1990s held by Anhui 
Normal University (NSTI 2017). However, no specimens 
have been found during field surveys of Nonggang 
National Nature Reserve since 1998, and local people 
have not reported the species during interviews. Cuora 
mouhotii occurs in the area, and the G. speng/leri record 
for the reserve may be based on misidentified juveniles 
of C. mouhotii (B. Chan, pers. comm.). It seems highly 
plausible that the museum specimens from the 1990s 
could have originated elsewhere. The Guangxi- Vietnam 
border was at the epicenter of the trade in wildlife, 
including G. spengleri, entering southern China at that 
time (Li and Li 1998). While there could be a localized 
population in southwestern Guangxi, as suggested by the 
specimens of Fang (1930), records for the area should be 
considered questionable until further evidence becomes 
available. 

The southern extent of the geographical distribution 
of G. spengleri is also unclear (Fong et al. 2020). Many 
authors have included a locality for the species in Quang 
Nam Province (15—16°N) in central Vietnam (e.g., Pope 
1935; Bourret 1941; Iverson 1992; Le 2000; Le and 
Nguyen 2002; Schaeffer 2005; Nguyen et al. 2005, 2009; 
Yasukawa and Ota 2010; TTWG 2017). A single specimen 
with a reported locality from the area (“Chang Nam, C. 
Annam”’), was collected by Hans Fruhstorfer around 
1900 and deposited in the Natural History Museum, 
London, United Kingdom. Photographs show that the 
specimen (NHMUK 1903.7.2.2) is correctly identified 
as G. spengleri and that it was collected as a hatchling, 
still bearing a slight plastral indentation from attachment 
of the yolk sac (approximate maximum straight carapace 
length = 38 mm). However, to our knowledge, no other 
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specimens have since been substantiated from Quang 
Nam. While we can neither confirm nor deny the exact 
provenance of the Fruhstorfer specimen, we considered 
this record to be unreliable given the likelihood of high 
positional error, in combination with its early collection 
date and the lack of any subsequent verifiable specimens. 

The only other indication for the possible occurrence 
of G. spengleri in Quang Nam appears to be information 
from turtle traders. Based on surveys of the turtle 
trade in Vietnam during 1993, Le and Broad (1995) 
listed G. spengleri as occurring in Quang Nam and the 
neighboring municipality of Da Nang. Unfortunately, Le 
and Broad (1995) did not publish any photographs which 
would enable their species identification to be confirmed. 
Even if G. spengleri was correctly identified, it remains 
uncertain whether the traded turtles actually originated 
from either locality. Yasukawa and Ota (2007) suggested 
that Da Nang may have been a distribution center for the 
selling or shipping of turtles, rather than a true occurrence 
of the species. Moreover, the sources for the information 
in Le and Broad (1995) came from four provinces to 
the north of Quang Nam. Reliable occurrences for G. 
spengleri exist in two of these provinces (Nghe An 
and Thanh Hoa), and another (Ha Tinh) is adjacent to 
reliable occurrences in Laos. Therefore, if G. spengleri 
were traded in these provinces, the turtles could have all 
originated locally, rather than being sourced from Quang 
Nam and Da Nang. 

Geoemyda spengleri has not been observed in Quang 
Nam during multiple surveys in recent years by the Asian 
Turtle Program (data not shown). As the nearest reliable 
occurrence is over 350 km to the north, in Khamkeut 
District, Bolikhamxay Province, Laos (18.3°N), the 
reports for Quang Nam and Da Nang should probably be 
treated with skepticism. Tordoff et al. (2003) noted that G. 
spengleri was unconfirmed in the region of Quang Nam 
and listed the species as provisionally occurring there. 
We followed the opposite approach, by omitting the area 
south of approximately 17.5°N from the geographical 
distribution of the species, until additional support for 
its occurrence can be firmly established. However, we 
also note that portions of the Annamite Range remain 
relatively unstudied by scientists, and that G. spengleri 
was not confirmed from Laos until quite recently (Stuart 
et al. 2011). Therefore, it is conceivable that G. spengleri 
could occur in Quang Nam or the surrounding area, 
and field surveys should be undertaken to thoroughly 
investigate this possibility. 

The availability of locality data for G. spengleri has 
increased greatly over time. Iverson (1992) mapped seven 
localities for the species (excluding specimens belonging 
to a taxon now recognized as a separate species, G. 
Japonica), while Buhlmann et al. (2009) used four. The 
map of Yasukawa and Ota (2010) included 16 localities, 
and the TTWG (2017) incorporated 27 localities. As 
discussed above, some of these locality records for 
G. spengleri may not represent reliable occurrences. 
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However, despite our use of a relatively conservative 
methodology that excluded some records previously 
accepted by other authors, we increased the number of 
different verified localities for G. spengleri to 51 (.e., 
the number of HUCs containing reliable occurrences) in 
the current study. 

By incorporating more localities, our map and 
estimates for the geographical distribution area of G. 
spengleri are more refined than previous estimates (Table 
1). Buhlmann et al. (2009) used coarse resolution Level 6 
HUCs, which contributed to an apparent overinflation of 
the geographical distribution. In particular, the estimated 
areas in Laos and Yunnan Province, China, are five 
times larger than the estimates in this study. In total, the 
geographical distribution area calculated by Buhlmann et 
al. (2009) is double our total estimated area. The TTWG 
(2017) utilized the same finer resolution HUCs as the 
present study, and their total area is closer (20% higher) 
to our estimate. In comparison, their work seems to have 
overestimated the area in Jiangxi Province, China, and 
underestimated the area in Laos. Both Buhlmann et al. 
(2009) and TTWG (2017) appear to have inflated the 
disjunct geographical distribution of G. spengleri in 
Hainan Province, China. The area calculated for Hainan 
by TTWG (2017) 1s actually larger than that in Buhlmann 
et al. (2009) and roughly double our estimate. 

The results of our elevational analyses confirm that 
G. spengleri occurs in upland areas. Previous reports on 
the elevational distribution of the species were mostly 
qualitative. Fang (1930) reported that a specimen was 
“collected from the hill-side” in northern Guangxi 
Autonomous Region, China. According to Fan (1931), 
mountain peaks surrounding an area for G. spengleri 
in north-eastern Guangxi were “no less than 3,000 ft” 
to “7,000 ft”? (914-2,133 m), but the elevations of the 
exact collection sites were not specified. Pope (1935) 
interpreted these accounts to mean that G. spengleri 
preferred “wild, wooded, mountainous country.” Bourret 
(1941) wrote that the species occurred at mid-elevations 
(“moyenne altitude”) in forested montane regions 
of Vietnam. Based on reports and photographs of G. 
spengleri habitat, Schaefer (2005) inferred that it ranged 
from 400—1,200 m in elevation. 

More recently, a few studies have provided quantitative 
elevational data for G. spengleri encountered in the field, 
but these measurements were restricted to only a few 
localities (Stuart et al. 2011; Pham et al. 2018, 2020). 
Our data are more comprehensive and indicate that 
while G. spengleri is a montane species over its entire 
geographical distribution, the species seems to occur at 
higher elevations at lower latitudes. This relationship is 
likely due to the spatial distribution of suitable climatic 
conditions, particularly temperature, over the elevational 
and latitudinal gradients (Bickford et al. 2010). This 
pattern could have implications for the vulnerability 
of G. spengleri to climate change. Small terrestrial 
herpetofauna species have limited capacity for dispersal, 
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constraining their ability to follow poleward shifts in 
suitable conditions (Bickford et al. 2010). Valleys between 
upland areas and anthropogenic habitat fragmentation 
serve as further obstacles to latitudinal movements 
by montane species, such as G. spengleri. Instead, as 
the global average temperature continues to rise, the 
elevational distributions of some montane herpetofauna 
species in Southeast Asia appear to be shifting upward 
(Bickford et al. 2010). However, populations of G. 
spengleri that already occupy the uppermost elevations 
of mountains may not be able to move higher to track 
suitable environmental conditions, increasing the level of 
threat to the species 1n these areas. As countries confront 
climate change, conservation measures for G. spengleri 
should include the creation of corridors to link isolated 
reserves into larger contiguous protected areas, thereby 
permitting movements by the species. More radical and 
potentially risky interventions, such as assisted migration 
across dispersal barriers, should also be considered as 
last resorts. 


Conclusions 


Our study provides a better understanding of the 
geographical and elevational distributions of G. spengleri 
compared to previous works. However, there are some 
caveats to our findings. The survey effort has not been 
equal across all localities or elevations. Many reliable 
occurrence records are based on incidental finds, rather 
than standardized surveys. Even in areas of relatively 
good surveying, the species is difficult to detect due to 
its small size and secretive nature. No doubt, additional 
field work will result in occurrence records at new 
localities, and interpretations of the geographical and 
elevational distributions for G. spengleri will continue to 
change. For example, unlike the continuous distribution 
on our map, the mainland geographical distribution 
of G. spengleri from southern China to Vietnam and 
Laos is likely broken into disjunct segments. Little 
to no connectivity among some populations would 
explain the phylogeographic pattern previously seen 
in G. spengleri (Gong et al. 2009b), and would have 
considerable implications for the conservation of the 
species. Continued research (including additional field 
surveys, genetic analyses, and distribution modeling) 
is strongly encouraged, as these efforts will be vital to 
further the knowledge and conservation of the species. 
Until then, this work represents the most accurate and 
thorough assessment of the geographical and elevational 
distributions of G. spengleri. 
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Abstract.—Amphibian conservation efforts have never been more imperative than they are now, such as 
by preserving genetic material through establishing cell lines. This study describes a successful protocol 
for culture of cells from three tissues (whole limb, tongue, toe clip) taken from five individuals of the Asian 
Common Toad (Duttaphrynus melanostictus) and using 100% Cellgro Minimum Essential Medium (MEM) 
Alpha 1 X (Fisher Scientific) as basic medium alone and in combination with three different supplements 
(ITS, FGF, and 2-mercaptoethanol). Real-time cell analysis was used to test for differences in cellular growth 
patterns among individuals and media. Cell lines were established from all three tissue types, with the tongue 
tissue giving the highest success rate and a more stable growth pattern. Real-time cell analysis displayed 
no significant differences between the tested media; although toe clip tissue tended to function better with 
one of the media including 2-mercaptoethanol. Growth patterns were consistent within each individual but 
varied among individuals. The knowledge provided by this study can be used to further improve the protocols, 


storage, and safeguarding of viable genetic material from amphibians. 
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Introduction 


Cell culture is a routine and widespread procedure 
today (Davis 2011; Freshney 2016), but mammals have 
received far more attention, whereas research on lower 
vertebrates and invertebrates is very limited (Masters 
2003; Freshney 2016). There is a global amphibian 
crisis triggered by various anthropogenic factors such 
as disease, climate change, pollution, and various 
other factors, so amphibians are now considered as 
the most threatened group among vertebrates (Ficetola 
et al. 2015; Ceballos et al. 2015; Zimkus et al. 2018; 
Strand et al. 2020). Therefore, conservation efforts that 
involve preserving genetic material such as through 
cryopreservation and biobanking have never been more 
imperative. Biobanking genetic material, such as cell 
lines, provides an expandable resource of high-quality 
biological material with various applications. These 
range from tissue engineering and the replacement of 
live animals in toxicology and virology studies to the 
broad application within conservation as genetic rescue 


and population enhancement through captive breeding 
or reintroduction programs (Yuan et al. 2015; Freshney 
2016; Zimkus et al. 2018). Successful work on cell lines 
from amphibians has been reported using different tissues 
such as skin, foot, tongue, and eye (Zimkus et al. 2018), 
but no direct comparisons have been made between tissue 
types. Furthermore, the current research on amphibian 
cell lines is limited to a few families and species, and most 
of these studies are more than 20 years old, indicating the 
severe lack of research on amphibian cell lines (Clothier 
et al. 1982; Slack et al. 1990; Tata et al. 1991; Okumoto 
2001; Groot et al. 2012; Zimkus et al. 2018). The aim 
of this study was therefore to evaluate and validate the 
practicality and optimal growth conditions using different 
tissue types, as well as detecting differences among cell 
lines from individuals, within one amphibian species. We 
succeeded in establishing cell lines from three different 
tissue types using real-time cell analysis to test growth 
patterns and preferences according to media type. We 
also demonstrated variation in growth patterns among 
individuals within a single amphibian species. 
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Amphibian cell line tissue types and differences within a species 


Table 1. Detailed description of biopsy medium composition including basic medium and supplements for different tissue types. 


Complete Alpha MEM medium Additional 15 ug/mL Fungizone 
supplemented with 1% antibiotic-antimycotic | (Amphotericin B) (Gibco®) + 0.01% 
100X (P/S/F) (10,000 units/mL of Penicillin, | Normacin (InvivoGen 500 mg) 


10,000 ug/mL of Streptomycin, and 25 


ug/mL of Fungizone (Amphotericin B)) 
(Gibco®)(Houck et al. 2017) 


Materials and Methods 
Animals 


Experimental tissues were recovered from five individuals 
of the Asian Common Toad (Duttaphrynus melanostictus) 
that underwent euthanasia following serious injury. 
Dead animals were stored at 4 °C until sampling within 
24 h. All work was carried out in accordance with The 
Code of Ethics of the World Medical Association of The 
Declaration of Helsinki, and it complied with the EU 
Directive 2010/63/EU for Animal Experiments. 


Biopsy and culture media 


Biopsy medium was prepared according to (Houck et al. 
2017), see Table 1, consisting of a basic medium with or 
without supplements. 

Culture media (see Table 2) was prepared in four 
versions (Control, ITS, FGF, and 2-mercaptoethanol). 
Whole limb and tongue tissues were tested with Control, 
ITS, and FGF media, whereas toe clip tissue was tested 
with Control, ITS, and 2-mercaptoethanol media. Media 
including 2-mercaptoethanol was tested due to successful 
parallel studies in other species, testing the effect of the 
reducing agent 2-mercaptoethanol. 


Additional 15 ug/mL Fungizone 
(Amphotericin B) (Gibco®) + 0.01% 
Normacin (InvivoGen 500 mg) 


Pre-treatment and primary cell culture 


The three different tissue types were collected 
immediately after euthanasia, after the relevant areas 
were first washed manually with 70% v/v ethanol (20 
s) and sterile phosphate-buffered saline (+ CaCl, and 
MgCl) (PBS) (20 s) (Gibco®). Whole limb tissue was 
obtained from the hind legs, while toe clips were from all 
four limbs, using both scalpel and scissors, and tongue 
tissue was obtained with forceps and scissors. All tissue 
pieces (5 mm were stored in biopsy media [Table 1]) at 
4 °C before further processing. Tissues were prepared 
using the explant method where minced tissue pieces are 
attached in a culture flask (Houck et al. 2017). First, the 
tissue pieces were cleansed by immersion: in 70% v/v 
ethanol for 30 s, in PBS three times [fresh batch each 
time (20 s)], in antibiotic-antimycotic (Gibco®, Life 
Technologies, Rockville, Maryland, USA) for 20 s, in 
PBS once, in Gentamicin (Sigma-Aldrich, Inc, St. Louis, 
Missouri, USA; 50 mg/mL) for 20 s and then washed in 
PBS. Tissue pieces were then placed in PBS and minced 
(3 mm in size) with forceps, thereafter each tissue 
piece was placed in a 12.5 cm? culture flask for 5 min 
(attachment) before adding 2 mL of media A—D. The cell 
culture flasks were then placed at 28 °C with 5% CO, with 


Table 2. Detailed description of culture media composition including basic medium and supplements for different tissue types. 


Culture media Supplements Type of tissue 


Control medium 100% Cellgro Minimum 
Essential Medium (MEM) 
Alpha 1 X (Fisher Scientific) 
supplemented with 10% foetal 
bovine serum (Gibco) and 

1% Penicillin-Streptomycin- 
Glutamine (29.2 mg/mL 
L-glutamine, 10,000 units/mL 
Penicillin and 10,000 pg/mL 
Streptomycin sulfate (Gibco®) 
(Houck et al. 2017). Plus 0.01% 
Normacin (InvivoGen 500 mg) 


ITS medium 


FGF medium 


20 uL/mL ITS (100 uL Insulin 10 mg/ 
mL + 100 uL Transferrin 5.5 mg/mL 
+ 10 uL selenite 20 ng/mL) (Sigma) 


No supplement Limb 
Tongue 
Toe clip 


Limb 
Tongue 


Toe clip 


20 ng/mL FGF Limb 
Tongue 
0.1 mM 2-mercaptoethanol 


(Pharmacia Biotec) 
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2-mercaptoethanol 
medium 
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the media being changed every four days (in the first two 
weeks only half the volume was changed, thereafter 
the entire volume). At 90% confluency (assessed in a 
Leica DMC 4500 microscope) cells were passaged, 
i.e., harvested by adding 0.5 mL of TrypLE (Gibco®), 
before being split into new cell culture flasks at a 
ratio of 1:2 to 1:3 and incubated under the conditions 
described above. 


Cryopreservation and recovery 


Cells were passaged five times and then harvested 
by adding 0.5 mL of TrypLE (Gibco®). After cell 
detachment, 8 mL of Hanks Balanced Salt Solution (1X) 
(HBSS) (Gibco®) was used to rinse out the cells. After 
centrifugation, the supernatant was removed and the cells 
were resuspended in freezing medium (Alpha MEM 
media supplemented with 10% DMSO) (Houck et al. 
2017). Cell suspensions (0.5 mL) were kept in 1 mL cryo 
vials (Nunc®, Cat: 375353 Thermo Scientific, Roskilde, 
Denmark) and placed in a CoolCell® (Sigma-Aldrich, 
Inc., St. Louis, Missouri, USA) at -80 °C for 24 h before 
being transferred to liquid nitrogen (LN2) for long-term 
storage. Thawing of cell lines was performed in a water 
bath at 30 °C for 1—2 min, and cells were thereafter 
transferred to 25 cm? cell culture flasks containing 4 mL 
of one of the four media (Table 2) before being cultured 
at 28 °C. Cell proliferation post-thaw was observed and 
followed in all cell lines used. Recovery of cell lines was 
followed daily but no negative impact of cryopreservation 
in terms of growth pattern was observed in any of the cell 
lines. 


Evaluation of growth conditions by real-time cell 
analysis 


The xCELLigence® Real-time Cell Analysis System 
(RTCA SP Bundle, ACEA Biosciences) was used for real- 
time measurements of cell proliferation and adhesion, 
following the instruction manual. The xCELLigence® 
System measures cell index (CI), which represents the 
change in impedance divided by the background value. 
The CI provides an indication of both adhesion and 
proliferation rates. Cells that are strongly adherent will 
reach a maximum CI of 10-15, whereas a CI of 1-4 
is defined as weak and a CI of 5-10 is considered 
moderate to strong (Raker et al. 2011; Kho et al. 2015). 
All thawed cell lines were seeded in 25 cm? cell culture 
flasks (Nunc® Easy flask) containing 4 mL of media 
and incubated at 28 °C. Cell numbers were counted 
with the CountessTM II FL (Applied Biosystems) to 
ensure a seeding density of 10,000 cells/well, which 
was chosen based on parallel experiments on amphibian 
cells (Strand et al. 2021). After seeding, the plate was 
incubated at 28 °C with 5% CO, for CI readings every 
30 min; the medium was changed after 72 h. As controls, 
wells with DMEM culture media and no cells were 
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included and displayed CI values of zero throughout the 
experiment. Data were collected and analyzed during 
the experiments by the RTCA software (Agilent, Santa 
Clara, California, USA) (Raker et al. 2011; Kho et al. 
2015). Throughout the text, (CI) will be described as 
Cl/h to specify the CI at a specific time. 


Statistical Analysis 


Differences in Mean Cell Index values among individuals 
were assessed with one-way ANOVA, then Tukey’s test 
was used to test pairwise difference between individuals. 
The PAST software program (https://www.nhm.uio.no/ 
english/research/infrastructure/past/) was used for all 
statistical analyses. 


Results 
Growth patterns of cells from different tissue types 
1) Growth of cells in different culture media (Table 3) 


Growth patterns were tested among the three different 
tissue types using four different media. The following 
growth pattern categories were chosen: (1) No cell growth 
observed within 12 weeks; (11) Fungi and/or bacteria 
were detected at some point during culture, so the culture 
could not be salvaged and was lost; (111) Cell growth was 
observed, but the culture stopped at 10—100 cells; (iv) 
Cell growth continued throughout the planned culture 
period, so the cell line could be cryopreserved. 

Whole limb tissue: Cell growth was observed in 
51% of the replicates, representing four individuals. 
Of the replicates, 29% and 2% were lost due to fungal 
and bacterial contamination, respectively. From four 
different individuals, 38% of the replicates reached 
cell line stage (a minimum of four times) and were 
cryopreserved. When using Control, ITS, and FGF 
media, 40%, 40%, and 33% of the replicates resulted in 
cell lines, respectively. 

Tongue tissue: Cell growth was observed in 75% of 
the replicates, representing four individuals. Among 
the total 45 replicates, 15% and 15% were lost due to 
fungal and bacterial contamination, respectively. From 
four individuals, 53% of the replicates reached cell line 
stage and were cryopreserved. When using Control, ITS, 
and FGF medium, 53%, 40%, and 60% of the replicates 
resulted in viable cell lines, respectively. 

Toe clip tissue: Cell growth was observed in 35% of 
the replicates, representing three individuals. Within 
the total 45 replicates, 42% were lost due to fungi 
but none due to bacterial contamination. From three 
individuals, 35% of the replicates reached cell line 
stage and were cryopreserved. When using Control, 
ITS, and 2-mercaptoethanol media, 44%, 44%, and 
88% of the replicates resulted in viable cell lines, 
respectively. 
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Table 3. Growth patterns of D. melanostictus. Growth patterns with three different tissue types in various culture media among five 
individuals. The numbers shown indicate number of replicates performed. 


Lost to infection Growth patterns 
Total no. of Unsuccessful Unsuccessful Nocell growth Culture reached Cell lines 
replicates due to fungi due to bacteria observed 10-100 cells cryopreserved 
Whole limb tissue in media Control/ITS/FGF 
Individual 1 3/3/3 3/3/2 0/0/0 3/3/3 0/0/0 0/0/0 
Individual 2 3/3/3 0/0/1 0/0/0 0/1/2 3/2/1 3/2/0 
Individual 3 3/3/3 0/0/0 0/0/0 0/1/0 3/2/3 3/2/3 
Individual 4 3/3/3 1/1/0 0/0/0 1/0/0 2/3/3 0/1/2 
Individual 5 3/3/3 2/0/0 1/0/0 3/2/3 0/1/0 0/1/0 
Tongue tissue in media Control/ITS/FGF 
Individual 1 3/3/3 1/0/2 1/3/3 2/3/3 1/0/0 1/0/0 
Individual 2 3/3/3 0/0/0 0/0/0 0/0/0 3/3/3 1/0/2 
Individual 3 3/3/3 0/0/1 0/0/0 0/0/1 3/3/2 3/2/2 
Individual 4 3/3/3 0/0/1 0/0/0 0/0/0 3/3/3 3/3/2 
Individual 5 3/3/3 2/0/0 0/0/0 0/1/0 3/2/3 1/1/3 
Toe clip tissue in media Control/ITS/2-mercaptoethanol 
Individual 1 3/3/3 1/2/0 0/0/0 3/1/0 0/2/3 0/0/3 
Individual 2 3/3/3 0/3/3 0/0/0 2/3/2 1/0/1 0/0/0 
Individual 3 3/3/3 1/0/1 0/0/0 3/1/1 0/2/2 0/0/0 
Individual 4 3/3/3 0/0/0 0/0/0 2/1/1 1/2/2 1/2/2 
Individual 5 3/3/3 3/2/3 0/0/0 3/3/0 0/0/0 3/2/3 


2) Cell appearance of whole limb, tongue, and toe clip 
explant cultures 


Cells were categorized based on morphology and are 
named as such throughout this study. 

Whole limb explants (Fig. 1 a—c): Primary cell 
cultures setup were dominated by fibroblast-like cells 
(elongated and spindle-shaped) growing in_ layers, 
with a few epithelial-like cells growing sporadically 
in between. After two passages, all epithelial cells 
were gradually replaced by spindle-shaped fibroblast- 
like cells. Following cryopreservation, cells displayed 
similar spindle-shaped fibroblast-like cells as before 
cryopreservation. 

Tongue explants (Fig. 1 d—f): Primary cell cultures 
displayed a mix of epithelial-like cells (round and cubic 
cells) and fibroblast-like cells growing in clusters. 
Epithelial-like cells were distinguished by round/cubic 
shapes growing in mosaic-like monolayers. After two 
passsages, round/cubic epithelial-like cells dominated 
the culture. Following cryopreservation, cells displayed 
a similar mix of epithelial-like and fibroblast-like cells 
growing in clusters as seen during the primary cultures. 

Toe clip explants (Fig. 1 g—j): Primary cell cultures 
setup with toe clip tissue were dominated by fibroblast- 
like cells (elongated and spindle-shaped) growing in 
layers, with a few epithelial-like cells (round and cubic 
cells) cells growing sporadically in between. After two 
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passages, epithelial-like cells were gradually replaced by 
spindle-shaped fibroblast-like cells as seen when working 
with whole limb tissue. Following cryopreservation, cells 
displayed similar spindle-shaped fibroblast-like cells as 
before cryopreservation. 


3) Growth patterns of cells from different tissue types 


The general growth patterns observed with the three 
different tissue types were divided into three different 
periods (Fig. 2): (i) Establishment, from 0-20 h; (11) 
First proliferation period, from 20-70 h; (a1) Second 
proliferation period, from 75—130 h and media change at 
72 h. These three time points including media change were 
selected to characterize each period. As no significant 
differences in the use of media types were found (Table 
3), growth patterns from all three tissue types were chosen 
based on the number of successful cryopreserved cell 
lines distributed among the most individuals. Table S1 
(Supplementary data) displays CI values of the three 
selected time points for all three tissue types. 


Whole limb tissue (Fig. $1). Growth patterns of cells 
from whole limb tissue displayed variation among 
individuals, reaching a Cl-level ranging from 0.7—1.8 at 
time point (1) (Table S4). However, for three out of four 
individuals, the increase was followed by a decrease in 
Cl-level dominated between the first two time points. 
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ft ME 
Figure 1. Explant cultures from three different tissue types from D. me/anostictus. Primary cultures from whole limb explants (a) 
at day 45, (b) Passage 2 pre cryopreservation, (c) Passage 2 post cryopreservation. Primary cultures from tongue explants (d) at day 
45, (e) Passage 2 pre cryopreservation, (f) Passage 2 post cryopreservation. Primary cultures from toe clip explants (g) at day 45, (i) 
Passage 2 pre cryopreservation, (j) Passage 2 post cryopreservation. Reference bar = 200 uM. 


Medium change had an effect on all four cell lines, 
indicated by a drop in C-level. After media change, all 
but one individual reestablished their growth patterns 
until the last time point (111). 


Tongue tissue (Fig. S2). A general growth pattern was 
seen among cell lines from four different individuals 
(Table 3), all ranging from a CI of 0.8—2.8 at time point 
(i) (Table S4). Between the first two time points an 
increase in CI was observed among all four individuals, 
where some displayed a higher growth pattern than others 
(individual 1 and 4). All cell lines displayed a reaction to 
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media change, however, all resumed growth after media 
change. Between time points (11) and (111), individuals 1, 
2, and 4 reached a maximum cell outgrowth CI ranging 
from 2.9-6.0. A decrease in CI was seen after reaching 
the maximum cell outgrowth for all three individuals. 


Toe clip tissue (Fig. S3). Cell lines set up from toe clip 
tissue were established for three different individuals 
(Table 3), and a similar general growth pattern was 
observed for all three individuals. However, the Cl-level 
differed between all three individuals ranging over a CI 
of 1.2—2.3 at time point (1) (Table Sl Supplementary 
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4,5 Media change 


Timepoint (ii) 


Timepoint (iii) 


Timepoint (i 


——Limb tissue 


Cell Index 


——Tongue tissue 
Toe clip tissue 


0,0 20,0 40,0 60,0 
Time (hrs) 


80,0 100,0 120.0 


Figure 2. Model displaying the general growth pattern observed using one media type for the three different tissue types (whole 


limb, tongue, and toe clip tissue), at time points (1), (11), and (11 
red circle). 


Data). Between the first two time points individual 1 
and 2 both displayed growth patterns reaching a CI- 
level ranging between 3.8—7.5. All cell lines displayed a 
reaction to media change, however, all resumed growth 
after media change. Between time points (11) and (i11) 
individuals 1 and 2 reached a maximum cell outgrowth 
ranging between 4.2—7.5. After reaching the maximum 
cell outgrowth, a decrease was seen in both individuals, 
whereas individual 3 displayed a low but continuous 
increase throughout the study. 


4) Variations between individuals using one tissue 
type 


No significant differences were seen between the use 
of Control, ITS, and FGF media on whole limb tissue. 
Therefore, the same dataset was used to illustrate the 
variations seen in growth patterns among the four different 
individuals including three replicates per individual (Fig. 
3). Variations in growth patterns were observed between 
the four individuals, while a consistent growth pattern 
was observed between replicates within each individual. 


i)(illustrated in blue circles) including media change (illustrated in 


At time point (1), individual 1 reached a CI ranging 
from 1.4—2.2; however, instead of cells spreading 
and proliferating, a continual loss of adhesion was 
observed (Table 4). The same tendencies were observed 
in individual 4. At time point (1), CIs ranged between 
0.7—1.2 and 1.1—1.3 in individual 2 and 3, respectively. 
Between the first two time points a continuous growth 
pattern was observed. Individual 3 displayed a decrease 
in CI (due to loss of adhesion) before displaying any 
growth. Medium change caused changes in all cell lines. 
However, individual 2, individual 3 and one replicate 
from individual 1 resumed growth after media change, 
whereas a continuous decrease was seen for individual 4 
and two replicates of individual | throughout the study. 


Discussion 


The use of different tissues when setting up amphibian 
cell lines 


Various tissue types have shown promising results in 
terms of establishing amphibian cell lines (Houck et al. 


Table 4. Cell index (CI) obtained for all individuals at three different time points. Statistical significance was measured between 
individuals at time points (1), (i1), and (iii) using the xCELLigence® system. Values are means + SE. Values of p < 0.05 are 
considered to indicate statistically significant differences between CI at different time points. 


Time Individual 1 Individual 2 

points (u + SE) (u + SE) 
20h 1.46+0.2 0.93 + 0.1 
70h 0.92+0.2 1.08+0.1 
130h 0:58 4:02 1.34 40.2 


P= <.0:055 ** =p 0-01. FP == Ds. 0,001 
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Individual 3 Individual 4 
(u + SE) (u + SE) Oneway ANOVA 
0.94 + 0.0 1.56+0.2 F, . DP = 0.0870 
0.87 + 0.0 1.41401 lr 8 = 0.0807 
0.88+0.1 0.63+0.1 EP = 0.0364 
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Figure 3. Variation in growth patterns among four different individuals of D. melanostrictus using whole limb tissue. Media change 
was performed after 72 h. Curves are color-coded for each individual displaying three replicates per individual including standard 


deviations. 


2017; Zimkus et al. 2018; Strand et al. 2021). No direct 
measurements of tissue types and their growth conditions 
have previously been examined. However, studies 
focusing on explant vs. enzyme digestion, temperature, 
media type, supplements, and antibiotics have tested 
these parameters to varying degrees (see Strand et al. 
2021 for an overview of published studies). 

Here, we focused on testing growth patterns of 
amphibian cells lines from three different tissue types: 
whole limb, tongue, and toe clip. When compared to 
the two other tissue types (Table 3), tongue tissue was 
more successful in terms of establishing cell lines. Initial 
cell growth was observed in 77% of the replicates as 
compared to 51% and 35% in whole limb and toe clip 
tissue, respectively. Also, when comparing the number 
of established and cryopreserved cell lines, 55% of the 
replicates from tongue tissue were established, versus 
38% (whole limb) and 35% (toe clip). In terms of 
contamination, no considerable differences were seen 
among the three different tissue types. Cell lines from 
toe clip have previously been successfully established by 
Mollard (2018) and, due to the possibilities of sampling 
non-invasively, this is a very important tissue type to 
optimize culture protocols from to ensure a high success 
rate. We suggest further studies focusing on optimizing 
cell culture protocols using toe clips or toe webbing to 
improve the success rate when using this specific tissue 
type. 

We chose to work with 100% Cellgro Minimum 
Essential Medium (MEM) Alpha 1 X (Fisher Scientific), 
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which had already proven successful in establishing 
amphibian cell lines (Houck et al. 2017; Strand et al. 
2021). Moreover, we chose to study the effect of three 
different supplements (FGF, ITS, and 2-mercaptoethanol; 
Table 2). The choices of supplements were based on the 
advantages of each supplement; FGF sustains the cellular 
proliferation and differentiation of fibroblast cells; ITS 
contains insulin, transferrin, and selenium, which are 
essential for growth, glucose and amino acid uptake, 
intercellular transport, transportation of iron, reducing 
oxygen radicals and peroxide and function as co-factor 
for other proteins; 2-mercaptoethanol is used to stimulate 
proliferation and functions as a reducing agent to prevent 
toxic levels of oxygen radicals (Davis 2011; Click 2014; 
Freshney 2016; Houck et al. 2017; Verma et al. 2020; 
Strand et al. 2021). When comparing results on growth 
patterns for whole limb and tongue tissue (Table 3), 
13%, 13%, and 11% of the replicates resulted in cell 
lines using Control, ITS, and FGF media, respectively. 
When using tongue tissue, 20%, 13%, and 20% of the 
replicates resulted in cell lines using Control, ITS, and 
FGF media, respectively. When comparing data from 
these two specific tissue types and the use of different 
media, no considerable pattern was seen. However, 
when testing Control, ITS, and 2-mercaptoethanol media 
with toe clip tissue we saw a positive tendency when 
using 2-mercaptoethanol media. Similar positive results 
were published by Strand et al. (2021), showing that 
mercaptoethanol can have a positive effect on growth 
initiation when using cryopreserved tissue explants. 
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Differences in growth patterns between different 
tissue types 


The xCELLigence® system was used to provide real- 
time measurements of the cell growth, and this system 
has been widely used in studies with humans, mice, 
and rats (Nad et al. 2010; Urcan et al. 2010; Rakers 
et al. 2014; Kho et al. 2015) but only once before for 
amphibians by the same research group (Strand et al. 
2021). In general, a lower CI was seen among cell lines 
of both whole limb and tongue tissue. For whole limb 
tissue, the maximum CI observed in this study ranged 
between 1.2—2.2, which is defined as weak (Kho et 
al. 2015). For tongue tissue, the maximum CI ranged 
between 1.4—6.0 (weak to moderate), and for toe clip 
tissue from 1.5—7.5 (weak to moderate). Strand et al. 
(2021) found the maximum CI for 7riturus cristatus 
to range between 6.5—7.2 (moderate to strong), 
indicating the need to optimize seeding density when 
working with both a new species as well as different 
tissue types. Figure S1 displays the variation in growth 
patterns when using whole limb tissue to establish cell 
lines, and only a few similar growth patterns among the 
four individuals were observed, indicating heterogenic 
cell type combinations in each of the individuals. 
Compared with tongue tissue (Fig. S2), samples were 
more homogeneous in terms of growth patterns, and the 
variations observed between individuals were reduced 
when using tongue tissue. Similar observations were 
seen when using toe clip tissue for setting up cell lines, 
however, a variation 1n Cl-level was observed among the 
three individuals (Fig. S3). Different cell types produce 
different CI curves, but studies analyzing fibroblast-like 
cell lines from fish, human, rat, and mice have found 
similar growth patterns using fibroblast-like fish and 
rat cell lines (Rakers et al. 2011; Rakers et al. 2014). 
Here a drop in CI was also observed after the adhesion 
phase and before entering the plateau or growth phase. 
This pattern is like the pattern observed when using cell 
lines established from whole limb tissue, which was 
dominated by fibroblast-like cells. However, because 
this study was using cell lines of multiple cell types, 
the variations in their fingerprints cannot be directly 
compared, but similar patterns were detected pending 
the dominant cell type. 


Differences in growth patterns among individuals 


Based on the information from (Zimkus et al. 2018), 
successful conditions and methods used for some species 
failed to work on others, even within the same genus, we 
decided to test the differences in growth patterns among 
four individuals within a species (Fig. 3), using three 
cell line replicates within each individual. In general, 
the growth patterns among the replicates within each of 
the individuals displayed no significant variations, but 
instead a consistent growth pattern was seen. As displayed 
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in Fig. 3a variations in growth patterns between the 
four individuals were detected, as no cell proliferation 
was observed in individuals 1 and 4 after initial seeding 
except for one replicate, whereas individuals 2 and 3 
displayed proliferating growth patterns before and after 
media change. Even though it was possible to establish 
cell lines for all four individuals, the growth patterns of 
the cell lines showed differences when thawed, indicating 
that some individuals are more successful with long- 
term cultures than others. This highlights the necessity 
of consistent quality checks of all established cell lines 
to ensure viability and continuous proliferation patterns 
after cryopreservation. 

In summary, the results from this study provide 
new knowledge concerning growth patterns of three 
different tissue types used for establishing amphibian 
cell lines. The usability of all three tissue types were 
demonstrated by successful establishment of cell lines, 
however, the success rate was found to be higher and 
the growth patterns to be more consistent when using 
tongue tissue. No considerable preference according 
to media was found among tissues from whole limb 
and tongue, however, toe clip tissue displayed positive 
tendencies when using media D. Growth patterns 
were found to be consistent among the three replicates 
within each individual, however, variations were 
found when testing the individuals against each other. 
These results provide basic knowledge in terms of 
choosing tissue type and media preferences as well as 
displaying differences in growth patterns found among 
individuals. This information will be useful when 
designing future studies on amphibian cell lines where 
the importance of successful storage of viable genetic 
material have never been more important than during 
a global amphibian crisis. 
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Figure S1. Variation in growth patterns of limb tissue among four different individuals of D. melanostictus. Curves represent the 
mean cell index value from three replicates including standard deviations. 
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Figure S82. Variation in growth patterns of tongue tissue among four different individuals of D. me/anostictus. Curves represent the 
mean cell index value from three replicates including standard deviations. 
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Figure S3. Variation in growth patterns of toeclip tissue among three different individuals of D. melanostictus. Curves represent the 
mean cell index value from three replicates including standard deviations. 


Table S1. Cell index (CI) obtained for all individuals at three different time points. Statistical significance was measured between 
individuals at time points (1), (11), and (111) using the xCELLigence® system. Values are means + SE. Values of p < 0.05 are consid- 
ered to indicate statistically significant differences between CI at different time points. 
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Abstract.—The ecological relationship between tadpoles and waterbodies, considering both biotic and abiotic 
factors, is poorly understood. This data gap is notable in South America, especially in xeric regions such 
as Northeastern Brazil. In this study, the distribution, abundance, and interactions between tadpole species 
were investigated by examining their spatial and seasonal patterns in a semiarid environment in Northeastern 
Brazil. The relationships between the species and their environments were assessed through the ecological 
descriptors of prevalence, mean intensity, mean abundance, Green’s index, dominance ratio, and diversity. 
Forty-eight temporary ponds were sampled, tadpoles were found in 24 of them, and the 403 individual 
tadpoles collectively represented 12 species from four families (Hylidae, Leptodactylidae, Microhylidae, and 
Phyllomedusidae). These species presented random aggregation behavior without interspecific dependencies, 
and with only three dominant species. Of the abiotic variables, the hydroperiod had the greatest influence on 
larval behavior. There was no relationship between pond occupation and the physicochemical water properties 
based on the coefficients of determination (R’). The highest coefficient found was R? = 0.33 (for parameters pH 
and species). However, water reduction permitted only the most advanced stages of development to remain in 
the pond. The successful occupation of xeric environments by frogs is directly related to their capacity to adapt 
to ephemeral waterbodies, in which the main limiting factor is water availability. 
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Introduction associated with the different ecological niches that they 


occupy (Altig and McDiarmid 1999; Tejedo et al. 2000; 


Biocenosis and assemblage are collective nouns 
referring to ecological communities that are formed 
by different species. Most tadpoles occupy an aquatic 
environment during their development from egg to 
adult. Many tadpole characteristics show plasticity, such 
as variations in the time of development according to 
abiotic factors (e.g., temperature, pH, dissolved oxygen, 
or water availability), or the timing of lung development 
or other changes that accelerate or decelerate the 
individual’s ontogeny. This plasticity confirms that their 
morphological differences such as buccal apparatus, fin 
size, and caudal musculature, with their conspicuous 
hydrodynamics and gregarious or solitary behavior 
(that is generally related with the feeding mode), are 


Gomez-Mestre and Tejedo 2002; Andrade et al. 2007). 
Thus, intrinsic and extrinsic factors can affect the way 
they occupy the aquatic environment (Fatorelli and 
Rocha 2008). 

Several studies on tadpoles in Brazil include those 
examining their spatial distributions and patterns 
of diversity (Rossa-Feres 2014), taxonomic studies 
seeking to identify knowledge gaps in their descriptions 
(Bokermann 1967, 1968; Rossa-Feres and Nomura 
2006; Provete et al. 2011), studies on the reproduction 
and biology of Lysapsus limellum Cope, 1862 in the 
Pantanal (Prado and Uetanabaro 2000), observations on 
the dynamics of tadpole nests and embryos of Boana 
faber (Wied-Neuwied, 1821) by Martins (1993), and 
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a description of Boana wavrini (Parker, 1936) tadpole 
nests by Martins and Moreira (1991). However, few 
studies have investigated the interactions between 
tadpoles and their environment. Likewise, studies on 
many other aspects of tadpoles are also scarce, suchas the 
modelling of tadpole guilds (Fatorelli and Rocha 2008), 
the gregarious behavior of Lithobates catesbeianus 
(Shaw, 1802) tadpoles (Sao Pedro et al. 2008), and the 
history and perspectives on tadpoles in Brazil (Andrade 
et al. 2007). Although these studies are from more than 
a decade ago, the gaps in our knowledge regarding 
the taxonomy, diversity, and distribution of tadpoles 
in Brazil have barely advanced, and this area remains 
to be explored and better understood. In the northeast 
of Brazil, these gaps are highlighted by the complete 
absence of research in this field. This area is also of 
special interest due to the particular characteristics of 
its xeric biome, Caatinga, where the mean temperature 
remains above 30 °C during the year, and the rain is 
less than 1,400 mm and concentrated from November 
to February. 

We hypothesize that the adaptations to this ephemeral 
optimal condition (1.e., the availability of water bodies) 
are the primary factors which determine the success of the 
species in this Brazilian xeric environment. Considering 
the emerging research on tadpoles, the knowledge gap 
regarding populations in the semi-arid region of Piaui, 
Brazil is profound. Therefore, this paper contributes to 
our understanding of the distribution, abundance, and 
interactions among tadpole species by identifying the 
patterns of dispersion (gregariousness) and determining 
how the extreme semi-arid conditions, primarily the 
short periods of available hydric resources, shape the 
development of the tadpoles. The results will improve 
our knowledge of tadpoles in the lentic environments of 
the semi-arid region in Northeastern Brazil. 


Materials and Methods 


Study area. The study area consisted of a partially 
flooded site (10,500 m*) comprised of Carnauba 
palms, Copernicia prunifera (Mill.) H.E. Moore, and 
several aquatic weeds such as Ginger-leaf Morning- 
glory [Jpomoea asarifolia (Desr.) Roem. and Schult. ], 
Baldhead False Buttonweed (Spermacoce capitate Ruiz 
and Pav.), and Valdivia Duckweed (Lemna valdiviana 
Phil.). The site was located on highway BR-343, near 
km marker 600 (6°54 34.1”°S 43°0.9°37.7°W), in the 
Municipality of Floriano, State of Piaui, Brazil. 


Study units. A total of 48 ponds were sampled, among 
which 24 had the presence of tadpoles, and they were 
used as the sample units. The other 24 ponds were 
excluded after three successive sweeps with plastic 
sieves failed to show the presence of any tadpoles. The 
data on pond characteristics are given in the section 
Hydroperiod and Abiotic Data below. 
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Species sampling. The species sampling method for 
comparing the ponds used the sum of the number of 
tadpoles captured during 15 uninterrupted minutes 
of sweeping by three researchers, one occupying 
the central region of the pond, while the other two 
occupied the borders of the pond. They walked side- 
by-side sieving the water from one side of the pond to 
the other along a north-south transect. Each researcher 
collected the tadpoles using a plastic sieve (280 mm x 
160 mm x 70 mm, wire thickness 0.36 mm, and mesh 
size 10) attached to a 15 cm cable. The sampling was 
conducted for 29 consecutive days between November 
5, 2017 and December 2, 2017. The collected tadpoles 
were placed in a 5-L plastic container with a diameter 
of 160 mm. In the lab, they were euthanized by 
immersion in a 5 g/L solution of benzocaine and fixed 
by immersion in 5% formalin before identification 
to the species level and the classification of their 
developmental stage according Gosner (1960). 


Hydroperiod and Abiotic Data 


All 48 ponds were evaluated according to the 
parameters described below until the water disappeared 
completely, and these data were subjected to univariate 
linear regression to determine the retraction of the 
waterbody. For each pond, including the ponds that 
did not include any tadpoles, the temperature (°C), 
dissolved oxygen (mg L"'), and pH were measured. 
Substrate samples followed the ABNT/NBR 
(Associacaéo Brasileira de Normas Técnicas/Norma 
Brasileira) 7181/82 standards and were classified 
by the Laboratory of Herpetology at the Federal 
University of Piaui (UFPI) in Brazil as either gravel (9 
> 2.0 mm), sand (2.0 mm >9>0.05 mm), silt (0.05 mm 
> @ = 0.002 mm), or clay (6 < 0.002 mm). The ponds 
had an average depth of 15 + 4.0 cm as measured at 
three points in each direction. The first point was in 
the center of the pond and the other two points were 
equidistant between the center and the borders in both 
the north-south and east-west directions. The mean 
was considered as the depth parameter. The abiotic 
and species occupation data were analyzed using 
the R* coefficient of determination, to determine any 
interdependence between the variables. 


Ecological descriptors. The prevalence, mean 
intensity, mean abundance, Green’s index, and the 
value of importance were calculated following 
Legendre and Legendre (1998) and Zar (2010). 


Prevalence (P) was calculated as: 
n 


P= — 100 
N 


where n is the species found in a sample and N is the 
sum of the daily sample. 
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The Mean Intensity (/), or the magnitude of the 
proportion of the species, was calculated as: 


where n is the number of individuals of a species in 
a sample and <n is the sum of the individuals of that 
species recorded among all samples. 


Based on the above results, the Mean Abundance (V/A) 
was calculated as: 


MA=MI XP 


The dispersion index, or Green’s Index (GI), was 
calculated by the variance/mean ratio as: 


1 Le) 


(n—1) 


where S? is the sample variance, xX is the sample mean, 
and (n-/) is the degrees of freedom. When the GI value 
is close to 0, the dispersion is random; and when it 1s 
close to 1.0, the dispersion is maximally aggregated. 


The value of importance (/) was calculated as: 


I AjB; 

j= (m)(SAe): 100 

where Aj is the number of individuals of species 7, Bj 
is the number of ponds with species 7, and Mj is the 
maturity factor, which is equal to 1.0 when stages above 
Gosner stage 42 are present. The species was considered 
dominant when / > 1.0, co-dominant when 0.01 </< 
1.0, and subordinate when 0 < /< 0.01. The accuracy of 
the data was obtained from the values normalized by the 
transformation Log,, (X+1). 


For the diversity, the Brillouin Index (HB) was 
used, which is recommended for closed populations 
(Magurran 1988), like those of a temporary pond. 


a InN! — }ln(n,)! 


HB 
N 


where JN is the total number of individuals per sample 
and nz is the total number of individuals of species 7. 

Microsoft Excel Professional Plus 2016 was used to 
calculate the approximations of the factorial numbers, 
following Lima and Batista (2010). According to 
Magurran (2011), the Brillouin Index is a robust index 
that is suitable for application in completely inventoried 
communities such as those in this study. 


Reference specimens. The reference specimens were 
deposited in the Natural History Collection of the 
Federal University of Piaui (Colecao de Historia Natural 
da Universidade Federal do Piaui - CHNUFPI), under 
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lot numbers CHNUFPI3198 (Hylidae), CHNUFPI3199 
(Leptodactylidae), CHNUFPI31200 (Microhylidae), 
and CHNUFPI31201 (Phyllomedusidae). The collection 
authorization was emitted by ICMBio (Instituto 
Chico Mendes de Conserva¢cado da Biodiversidade) as 
authorization number 38966. 


Results 


Tadpoles were found in 24 of the 48 sampled ponds, and 
represented 12 species belonging to four families (Table 
1). The total of 403 individuals among the 12 species 
yielded an HB of 0.41. The mean abundance per species 
indicated that Pseudopaludicola mystacalis had the 
greatest abundance (18.8), followed by Leptodactylus 
chaquensis (12.9) and Physalaemus albifrons (12.9), 
while the other species had a mean abundance of 6.1 
+ 2.7 (Table 1). This differs from the M/ results, where 
Scinax x-signatus showed the highest M/ (1.0), while 
all of the other species had MI values of 0.55 + 0.12 
(Table 1). 

The degree of aggregation of tadpoles per species 
yielded a G/ value of 0.01. Therefore, it is possible to 
infer that the species exhibited random aggregation 
behavior without interspecific dependencies. 

Based on the occupation of 24 of the 48 ponds 
sampled, the / values for the top species were 1.68 
for Leptodactylus chaquensis, 1.24 for Physalaemus 
albifrons, 1.24 for Pseudopaludicola mystacalis, 
and 1.40 for Scinax ruber. Thus, these species were 
considered dominant while the other species presented 
an average / value of 0.42 + 0.23, indicating they were 
co-dominant (Table 1). 

The hydroperiod was 29 days, with a mean 
waterbody retraction of 1.31 mm per day. The 
hydroperiod predictive model for means between depth 
and retraction period was established as: y = -1.1583 x 
+ 32.283 (Fig. 1). 

The distribution of species per pond varied. Ponds 17 
and 20 had the largest numbers of species, with seven 
species each; followed by pond 15, with six species; 
and ponds 8, 10, 26, and 43, with five species each. The 
species richness of 11 of the ponds (numbers 4, 5, 9, 23, 
27, 31, 34, 37, 41, 42, and 45) ranged from two to four 
species, and five of the ponds (1, 29, 32, 36, and 48) 
only had one species each. 

The mean temperature of the 48 ponds was 24.85 + 
3.78 °C, dissolved oxygen was 2.14 + 0.42 mg L", and 
the pH was 5.16 + 1.59. The substrate was classified 
in sandy, clayey, and silty, with a depth up to 30 cm. 
There was no relationship between pond occupation 
and the abiotic properties according to the coefficients 
of determination (R*, Fig. 2). Although there were no 
correlations with the abiotic factors, water retraction 
directly influenced larval survival. Thus, as the 
waterbody decreased, the proportion of tadpoles 
between stages 38 and 42 increased (Fig. 3). 
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Table 1. Species richness and ecological descriptors of the tadpole assemblages. MA — Mean Abundance; MI — 
Mean Intensity; I— value of Importance; ? — Dominant / ©? — Co-dominant species 


Family 
Hylidae 
Corythomantis greeningi Boulenger, 1896 
Dendropsophus nanus (Boulenger, 1889) 
Dendropsophus soaresi (Caramaschi and Jim, 1983) 
Scinax ruber (Laurenti, 1768) 
Scinax x-signatus (Spix, 1824) 
Leptodactylidae 
Leptodactylus chaquensis Cei, 1950 
Leptodactylus vastus Lutz, 1930 
Physalaemus albifrons (Spix, 1824) 
Pleurodema diplolister (Peters, 1870) 
Pseudopaludicola mystacalis (Cope, 1887) 
Microhylidae 
Dermatonotus muelleri (Boettger, 1885) 
Phyllomedusidae 
Pithecopus nordestinus (Caramaschi, 2006) 


Discussion 


In this study, the calculations of MA and MI did not 
consider the larval stages, and were based solely on 
the number of individuals collected during the sample 
period. The factors affecting survival are both intrinsic 
and extrinsic (Wilbur 1980; Griffiths et al. 1991; 
McDiarmid and Altig 1999). The highest MA and MI 
values were observed for P. mystacalis, P. albifrons, 
and L. chaquensis. When assessing the distribution 
of each of these species, we verified that they present 
wide adaptability and distribution within Brazil (Frost 
2020). For example, Pseudopaludicola mystacalis is 
distributed throughout the Brazilian Cerrado, extending 
to Bolivia, Paraguay, Argentina, and Uruguay (Frost 
2020), illustrating the capacity of this species to adapt 
to different habitats and climates. Physalaemus albifrons 
occurs in the Brazilian states of Bahia, Minas Gerais, 
Paraiba, Sergipe, Pernambuco, Ceara, and Maranhao 
(Bokermann 1966; Langone 2001; Palmeira et al. 2011), 
demonstrating its capacity to inhabit Piaui under climatic 
conditions that favor the rapid disappearance of temporary 
lentic environments. Leptodactylus chaquensis occurs in 
Uruguay, Argentina, Bolivia, and Paraguay (Vaz-Ferreira 
et al. 1984; Frost 2020), and its occurrence in Brazil has 
been recorded in the states of Acre, Rond6énia, Mato 
Grosso do Sul, Minas Gerais, Sao Paulo, Rio Grande 
do Sul, and Parana (Frost 2020). Recently Santos et al. 
(2014) and Lima et al. (2016) expanded its distribution 
area to include Piaui and Maranhao, which supports our 
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Common name MA MI I 
Greening’s Frog BSS: O50 10.02+" 
Dwarf Treefrog 706. <OF6T> =0759°° 
Picos Treefrog 8.24 057 0.62 
Red Snouted Treefrog 11.76 0.60 1.40? 
Venezuela Snouted Treefrog 3.53 1.00 0.34%? 
Cei’s White-lipped Frog 12.94 0.64 1.68? 
Northeaster Pepper Frog 8.24 0.71 0.82 
Bahia Dwarf Frog 12.94 0.45 25? 
Peters’ Four-eyed Frog 5.88 040 0.26°? 
Cope’s Swamp Frog 18.82 0.56 Oe 
Muller’s Termite Frog S530 2Oase wkO33"% 
No common name 471 0.75 036° 


understanding of the eurytopic nature of L. chaquensis. 

The temporal unpredictability of ponds causes 
tadpoles to exhibit dynamic adaptability, forming 
evanescent communities (Gascon 1993; Alford 1999; 
Morrison and Hero 2003), and their community structure 
is related to random environmental factors (Pounds and 
Crump 1994; Alford 1999). This variability, randomness, 
and temporal unpredictability concur with our results 
regarding the degree of community aggregation, which 
was classified as random. There was no correlative 
dependence among species with the availability of 
favorable abiotic conditions. In this study, the requisite 
condition was water, while the other abiotic variables 
were not limiting (Fig. 2). Although the other abiotic 
factors could fulfill an important role (Andrade et al. 
2007) in more humid environments, the pressure caused 
by the scarcity of water plays the dominant role in the 
xeric Caatinga biome. 

The formation of occasional interannual ponds 
promotes changes in the number and size of such 
waterbodies, and these stochastic processes are 
responsible for community instability. This instability 
is sufficient for species limitation, dispersion, and 
dominance (Pinto et al. 2006). The dominance of L. 
chaquensis (I= 1.68), P. albifrons (I= 1.24), P. mystacalis 
(7 = 1.24), and S. ruber (I = 1.40) may be explained by 
the fact that their adult forms are known for their ubiquity 
and widespread distribution (Langone 2001; Roberto et 
al. 2013; Frost 2020). The co-dominance of D. nanus, 
S. x-signatus, P. diplolister, and D. muelleri (I = 0.40 + 
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Fig. 1. Hydroperiod, i.e. retraction of the body of water in the study sites. 


Temperature (°C) x Species 


30 @ e e 
go bd 8 ee eae 
o 25 ciate: ete Ee CD me 
) e i 
5 20 e i 
@ 
ae R? = 0.0334 
Q 
= 
@ 10 

5 

0 
i P 2 3 4 =) 6 7 8 


Number of Species 


Substrate (mm) x Species 


0.07 
0.06 @ 
~~ 0.05 
E 0.04 
v 0.03 %e 
a mee 
4 0.01 =. 
= 
a 0@ | e 7-28 = e ‘ 
-0.01 te 
-0.02 
0 1 2 3 4 5 6 . 
Number os Species 
DO mg.L™ x Species 
3.5 
—_l 
B 30 e 4 
: ° 
o e 
O25 
a 2 
ec ipeeetewecegrengecrercccet 
wo 
= 8 
éx3 R? = 0.0357 
B1ie 
2 
is] 
Bos : 
a 
0 


Number of Species 


pH 
OrRFNWHUDS WO WO 


Mean depth (cm) 


BB 
o 


uw 


[ 


0000 je Fo 0 6 


pH x Species 


o —" ‘ 
afeeeenn 
R? = 0.333 
2 3 4 : : : : 
Number of Species 
Mean depth (cm) x Species 
? ° 
a 
ee ee 
8 a ; I 
1 R? = 0.0566 
2 3 4 5 ! . ! 


Number of Species 


Fig. 2. Coefficients of determination (R?) between occupation of a pond by tadpoles and the various physiochemical 


water properties. Abbreviation: DO - Dissolved oxygen. 
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Fig. 3. Hydroperiod and tadpole developmental stages. 


0.14) concurs with other studies that have found these 
species in very different ecosystems, such as Caatinga 
in the Serra da Capivara (Cavalcanti et al. 2014) and 
the coast of Parnaiba (Silva et al. 2007; Loebman and 
Mai 2008). These studies investigated the adult forms, 
but they do point to dispersion and adaptability in 
Piaui, which encompasses several different ecosystems 
(Ab’Saber 2010). 

Among the co-dominant species, Dendropsophus 
soaresi occurs in the states of Piaui, Paraiba, Ceara, 
and Minas Gerais, and its type locality 1s Picos, which 
is 300 km from our study area. Pithecopus nordestinus 
is found in the dry Caatinga, which differs from our 
study area that is comprised of Cerrado with enclaves 
of anthropized Cocais Forest. Thus, these conditions 
probably influenced its occupation, resulting in its 
classification as co-dominant (J = 0.58 + 0.35). Roberto 
et al. (2013) reported that C. greening was not recorded 
in any of the 18 municipalities in Piaui which had been 
inventoried. This corroborates our findings that despite 
its co-dominance, the index for this species is the lowest 
among all of the species thus classified (J = 0.02). The 
absence of this species in the findings of Roberto et al. 
(2013) may be due to its unusual habit of sheltering in 
rock cracks, in which it covers the exposed cavity with 
its ossified head (Jared et al. 2005). 

The effects of stage and survival have been described 
by Lima and Pederassi (2012), who pointed out that the 
success rate of Rhinella icterica is associated with the 
stage of development — 1.e., the higher the stage, the 
greater the developmental success. The results of this 
study point to the same positive correlation (Fig. 2), as 
the occurrence of stages 25 to 30 decreased as the water 
retreated. Protazio et al. (2015) found a similar result by 
studying tadpole niches, where niche occupation in the 
semi-arid northeastern Caatinga of Paraiba state did not 
significantly depend on temperature. 


Conclusions 

The successful occupation of xeric environments by 
frogs 1s directly related to their capacity to adapt to 
ephemeral waterbodies, where the main limiting factor is 


water availability and not the physicochemical properties 
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of the water. The various specialized adaptations in the 
developmental dynamics of tadpoles regarding their 
ability to accelerate metamorphosis in accordance 
with the reduction of the water body should be further 
investigated in different biomes and different species, 
so that we can better understand how these amphibians 
will adapt to global warming and its aftereffects over the 
hydrodynamic periods. 
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